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Chapter1
Introduction
The Universe is a violent place. The remnants of its ‘fiery’ birth are still observable today,
∼ 13.8 billion years later, in the 2.7 K cosmic microwave background (CMB). Even at the
present day, stars are born, live and die in energetic supernova explosions. Supermassive
black holes in the centers of galaxies consume matter, except for a fraction that escapes
in the form of powerful jets that blast away into the intergalactic material, filling great
bubbles with hot plasma. Magnetic fields, dragged along in the expanding plasma’s are
compressed creating shocks. Charged particles crossing these shocks may be accelerated to
enormous energies, far higher than those that can be reached with even the largest human-
made particle accelerators. These particles then race through the Universe, deflected by
intergalactic and galactic magnetic fields, decaying into other particles and interacting with
matter or even photons of the CMB. Some of them eventually reach the Earth, where they
may be detected by astroparticle physicists who might then ask the question; “what are
you?”, “where do you come from?” and “how did you come to be?”.
The importance of this last step cannot be overstated. For all that was said above
might not be true, and only measurements can tell the difference between reality and mere
speculation.
1.1 Cosmic rays
The field of astroparticle physics was born in 1912 when the Austrian Victor Hess took a
balloon flight up to 5 km altitude in order to measure the degree of ionization of air as a
function of altitude (Hess 1912). It was believed at the time that all ionization, observed
via electrometers, was caused by γ-rays emitted by nuclear processes in the ground. Hence,
measurements at increasing altitudes should show a decrease in the amount of ionization
and would allow for the penetrating power of these γ-rays to be measured. Surprisingly
however, Hess found that at altitudes above ∼ 1100 m the amount of ionization actually
increased with altitude. He concluded that “a radiation of a very high penetrating power
1
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Figure 1.1: The cosmic-ray energy spectrum (with data from Yoon et al. 2011; Panov
et al. 2007; Adriani et al. 2011; Schulz et al. 2013; Abbasi et al. 2008; Apel
et al. 2012; Amenomori et al. 2008).
enters the atmosphere from above”. For this discovery of what later came to be called
cosmic rays, Hess received the Nobel prize in physics in 1936.
The nature of this radiation was discovered several years later, when nuclear emulsions
exposed to cosmic rays during high altitude balloon flights proved that they are in fact
charged particles such as protons and heavy nuclei (Stanev 2010).
Such direct measurements are only possible for cosmic rays with energies up to ∼ 1015 eV
due to the very steep nature of the observed cosmic-ray energy spectrum (see Fig. 1.1). This
spectrum spans over ten decades in energy and follows a steep and almost featureless power
law over its entire range. At roughly 1015 eV, the cosmic-ray flux drops below one particle
per square meter per year and it becomes unpractical, and eventually impossible, to observe
cosmic rays with balloon or satellite borne experiments. Above this energy ground-based
detectors are used instead.
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1.2 Particle showers in the atmosphere
When observing cosmic rays with ground-based detectors, it was found that they arrive
in groups. Multiple detectors, in different locations on the ground, give near simultaneous
signals. This can be explained when the measured particles are not the cosmic rays them-
selves but rather the products of particle cascades initiated in the atmosphere by a single
high energy primary particle. These cascades are called extensive air showers (Auger et al.
1939).
If the primary cosmic ray is a hadron (e.g. a proton or a heavy nucleus), a hadronic
shower develops. In the first interaction with an atmospheric nucleus about half of the
energy of the primary particle is converted into mesons, mostly pions. The other half of
the energy is carried further by a secondary nucleus or proton. These secondary particles
either decay or interact in the same manner, depending on their energy and the density of
the material in which the shower develops.
One third of the created pions are neutral pi0, the other two thirds are charged pi+, pi−.
Neutral pions decay almost immediately (τpi0 ≈ 10−16 s) into two photons
pi0 → γ + γ. (1.1)
Charged pions decay into muons and neutrinos at longer (τpi± ≈ 10−8 s) timescales:
pi+ → µ+ + νµ (1.2)
pi− → µ− + ν¯µ. (1.3)
Because the timescale for decay is longer than the typical time between encounters charged
pions may interact before they can decay, further contributing to the hadronic shower. As
the average energy decreases, decay takes over and muons are generated. Whereas the
interaction length for the muons and neutrinos are much longer than the typical distance
to the observer the photons produce pairs of electrons and positrons:
γ → e+ + e−. (1.4)
These pairs subsequently produce photons through bremsstrahlung and Compton scattering.
These photons then create more energetic electrons through pair production, ionization, and
inverse Compton scattering of atmospheric electrons.
The air shower therefore has three main components, as illustrated in Fig. 1.2: a
hadronic, a muonic and an electromagnetic component. If the primary particle is a lepton
(e.g. an electron) or a photon, it is mainly the electromagnetic component that develops.
1.2.1 A simplified air-shower model
A simplified model for the development of electromagnetic air showers was developed by
Heitler (1954). After each interaction length λ two new particles are created, each carrying
3
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Figure 1.2: A cosmic-ray induced extensive air shower consists of a hadronic, muonic
and electromagnetic component. It is the electromagnetic component that
produces radio emission (adapted from Lafebre 2008).
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half of the energy of the parent Ei+1 = Ei/2. Thus after N such interactions, the particle
cascade is at depth X = Nλ in the atmosphere and contains 2N particles. This continues
until the particles reach a critically low energy Ec ≈ 84 MeV at which energy losses due to
ionization and bremsstrahlung are equal (Kampert & Unger 2012). The number of particles
is now Nmax = E0/Ec, and this takes place at a depth
Xmax = λ log2
(
E0
Ec
)
. (1.5)
After this maximum depth is reached, the number of particles in the shower decreases
again. The rate of decrease depends on the rate of energy loss of the particles.
Although this model is rather crude, it explains two important characteristics of air
showers. The number of particles at the maximum of shower development is proportional
to the energy of the primary, and the depth of shower maximum scales with the logarithm
of this energy.
In the case when the primary is a nucleus of mass A, the superposition assumption
(Engel et al. 1992) states that the resulting air shower can be seen as a superposition of
A showers, each initiated by a nucleon of energy E0/A. This is a reasonable assumption
because the typical kinetic energy of cosmic rays is far higher than the binding energy of
the nucleus. In this case
XAmax = Xpmax −X0 lnA, (1.6)
where X0 is the depth of the first interaction and Xpmax is the depth of the maximum of a
proton initiated shower. Thus, the depth of shower maximum Xmax is a tracer for the mass
A of the primary particle.
Full Monte Carlo air-shower simulation codes, such as CORSIKA (Heck et al. 1998) and
AIRES (Sciutto 1999) make use of interaction cross-sections, measured in the laboratory
at particle accelerators to calibrate phenomenological models that are then used to predict
interaction parameters at higher energies, to capture all the complex physics involved. Nev-
ertheless the superposition assumption is found to hold and the simplified models described
above agree qualitatively with the more complex simulations. Therefore, if an experiment
can measure Xmax of an air shower one can infer the mass of the primary particle that
initiated it. In reality, however, Eq. (1.6) only holds on average and cosmic-ray masses can
only be derived statistically from a large sample of Xmax measurements.
1.3 Sources of cosmic rays
While the cosmic-ray energy spectrum follows a power law:
dN
dE
∝ E−γ (1.7)
that is “almost” featureless, it is not entirely featureless. There are several breaks in the
spectrum, where the slope of the spectrum steepens or flattens. The first steepening at
5
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around 1015.5 eV is called the knee. Here γ, the index of the power law, changes from 2.7
to 3.1. The spectrum flattens again at the ankle around 1018.5 eV. Between these two, at
around 1017 eV, is another less obvious steepening called the second knee. These features
are thought to be related to changes in the types of sources that accelerate cosmic rays.
Fermi in 1949 invented a process called stochastic acceleration by which charged particles
can be accelerated to high energies (Fermi 1949). While traveling through the Galaxy,
cosmic rays encounter giant molecular clouds, which are regions of denser gas and turbulent
magnetic fields often many lightyears across. Cosmic rays enter these clouds, elastically
scatter many times and eventually exit them again. During each encounter with a cloud
the particle may gain or loose energy depending on their relative direction of motion. But
because head on collisions are more probable there is an energy gain on average
ξ ≡ ∆E
E
≈ 43β
2
cl (1.8)
where βcl = vclc with vcl the velocity of the cloud and c the speed of light. After n encounters
the particles will have reached an energy
En = E0(1 + ξ)n, (1.9)
where E0 is their initial injection energy. Of course, after each encounter the particles
may escape the region occupied by clouds (in this case the Galaxy) with some probability
Pescape. So the probability for particles to remain in the Galaxy for long enough to reach
the required number of n encounters for energy En is (1− Pescape)n. Combining these two
results gives
N(> En) ∝
(
En
E0
)−γ
(1.10)
for the total number of particles N of energy exceeding En. This process thus naturally
produces a power-law spectrum with an index
γ ≈ Pescape/ξ. (1.11)
As already noted by Fermi this process in its original form has a serious problem.
The acceleration is too slow because the particles loose all the energy they gained in the
relatively long time between interactions. A more efficient acceleration mechanism is found
in first order Fermi acceleration in astrophysical shocks. The general principle is the same,
except that the energy gained per interaction is now ξ ≈ 43βshock which is larger than that
of Eq. 1.8 due to both the lack of the square and because the velocities of typical shocks
are much larger than those of giant molecular clouds.
Such shocks can be found in various kinds of astrophysical objects such as supernova
remnants and active galactic nuclei. An important characteristic of such possible cosmic-
ray sources is the maximum energy that particles accelerated in these sources can reach.
6
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instrument exposure even further30. As a comparison, plastic scintilla-
tor arrays (like AGASA, or the Telescope Array in Utah, see below)
typically limit their reconstructed events up to 45u.
Evidence for the GZK suppression
Results recently published by the Auger Collaboration11 report the
existence of a deficit of cosmic rays at the highest energies. Still, this
result alone is not enough as to prove that the GZK suppression has
been observed. It could be that the energy spectrum is limited by the
maximum energy available at the cosmic-ray acceleration sites.
When the evidence on the deficit in the flux of cosmic rays is put
together with the energy at which the correlation with nearby extra-
galactic objects28 sets in, one could then argue that the GZK suppres-
sion has been observed. If objects beyond an approximate distance of
75Mpcwere to be included in the analysis, the correlationwould very
rapidly diminish.
Although both HiRes and the Pierre Auger Southern Observatory
have observed a suppression in the cosmic-ray flux above an energy
of approximately 43 1019 eV, differences still exist in the measured
spectrum index and the overall energy normalization. The energy
scales of these two observatories differ by about 17% (ref. 31).
The sources
One of the main questions to be answered regarding UHECRs is how
these particles can be accelerated to such energies. The size of the
acceleration region and the magnetic field present in it must follow a
relation, usually represented in a Hillas plot like that shown in Fig. 4.
Only a few astrophysical objects could then be potential sources.
Arguably, the most relevant recent observation has been the dis-
covery of a correlation between cosmic-ray arrival directions and
nearby extragalactic objects12,28. The correlation found in the Pierre
Auger Southern Observatory data becomes significant for cosmic
rays above 5.73 1019 eV and AGN within 75Mpc. With those
parameters, 20 events (out of a total of 27) lie within 3.1u from an
object listed in the Veron-Cetty-Veron catalogue32.
AGN have traditionally been considered as possible candidates for
cosmic-ray acceleration sites. However, any other astrophysical object
close enough to Earth to avoid the GZK suppression, with a spatial
distribution similar enough to that of AGN, could be the source.
The AGN hypothesis seems to be supported by the correlation
found between the arrival direction of cosmic rays reported by the
Auger Collaboration12 and the positions of the Swift hard X-ray cata-
logue of AGN, when weighted by the X-ray flux and constrained to
distances less 100Mpc (ref. 33). At the same time, using the same
eventsmeasured by the Pierre Auger SouthernObservatory, a correla-
tion was also found with the HIPASS catalogue of H I spiral galaxies
(whenweighted by theirH I flux)34. The latter results donot contradict
the correlation found with AGN, as all these objects trace the distri-
bution of matter. The hypothesis of H I galaxies as cosmic-ray sources
is interesting, as it would explain the lack of events from the Virgo
cluster (which is not rich in H I galaxies).
HiRes members have searched their data for correlations35 based
on the Pierre Auger Southern Observatory parameters, and their
analysis does not support the result published by the Auger
Collaboration. Reference 31 shows that if corrected by the energy
mismatch between both experiments, HiRes would have only 5
events in their stereo data sample, which might not be enough as
to establish or reject any correlation.
Open questions
Despite having measured a suppression in the spectrum compatible
with the GZK suppression and arrival direction anisotropies (or
perhaps because of those facts), some exciting and intriguing questions
still remain to be solved.
Sources and acceleration models. Nearby extragalactic objects have
been found to correlate with the arrival direction of cosmic rays, but it
is not yet possible to study the energy spectrum of individual sources.
Such a spectrum would lead to a better understanding of acceleration
processes at the sources. At the same time, the search for other poten-
tial sources should continue. Cosmic rays could be generated by
different astrophysical objects.
Energy spectrum. The GZK suppression is produced by the inter-
action of nucleons with photons, at energies higher than 43 1019 eV.
At energies higher than 33 1020 eV, the interactions become much
less probable. Hence, cosmic rays with those energies could propagate
almost undisturbed through space, allowing the study of the Universe
at extreme energies. This feature, predicted by quantum physics, is
known as the ‘GZK recovery’. Observing it would prove quantum
physics at an energy range that has not been explored before. The lack
of a GZK recovery could imply new physics.
Mass composition and particle physics. A very important point tobe
studied is the mass composition of cosmic rays. This will either prove
or reject different acceleration and propagationmodels, which favour
either light or heavy primary particles. Moreover, at these high
energies, cosmic-ray interactionswith atoms in the upper atmosphere
are in the range of a few hundred TeV (in the centre of mass frame).
Studies of shower development in the atmosphere (known as elonga-
tion rate) will give an opportunity to unveil features of hadronic
interactions at these energies, which are more than one order of mag-
nitude higher than those achievable by the LargeHadronCollider, the
most powerful human-made particle accelerator36.
Magnetic fields. Magnetic fields could be studied by looking at the
arrival direction pattern of cosmic rays as a function of energy. If
‘strings’ of events were identified, their relative deviation at different
energies would allow us to set limits (or possibly even measure) the
strength of Galactic and extragalactic magnetic fields.
A larger set of events, measured with good resolution, will answer
several questions. As it is true for so many scientific disciplines, the
main problem to be solved regarding the study of UHECRs is obtain-
ing a significantly larger number of events.
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Figure 1.3: Hillas diagram (from Bauleo & Rodríguez Martino 2009), showing the ability
of various sources to accelerate particles. Here it is assumed that β = 1.
Acceleration in shocks can continue only for as long as the particles can be contained within
the shock region. This gives a maximum energy condition
(
B
µG
)(
L
pc
)
>
2
Zβsc
(
E
1015 eV
)
, (1.12)
where B is the magnetic field strength, L is the size of the shock region, βsc = vsc/c with vsc
the velocity of the scattering centers in the shock and Z the charge number of the particle
in units of the elementary charge e. This relation was formulated by Hillas (1984) in order
to classify candidate cosmic-ray sources as done in Fig. 1.3. Diagonal lines in this Hillas
diagram represent maximum cosmic-ray energies which can thus be obtained by either large
regions with a low magnetic field strength, or compact regions where the field strength is
high. The main sources for cosmic rays of energies up to ∼ 1015 eV are currently believed
to be supernova remnants in our Galaxy. For cosmic rays of higher energies the nature of
the sources are not yet clear, but they are believed to be extragalactic above the ankle in
the cosmic-ray spectrum.
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As the dominant contributor to the cosmic-ray flux starts to reach its maximum obtain-
able energy a change, or break, in the spectrum is to be expected. Moreover it is important
to note that the maximum energy that acceleration in a source may reach, as given by
Eq. (1.12), scales with the particle charge. Heavy nuclei such as iron may be accelerated to
higher energies than lighter nuclei or protons. Therefore we expect a change in the overall
spectrum to be accompanied by a change in composition from light towards heavy. When
the maximum energy is subsequently also reached for the heavy particles another change
back towards a light composition may occur (assuming of course that the overall injected
composition is the same for all accelerators, which may not be true). Measuring changes
in the composition of primary cosmic rays with energy will therefore teach us about the
sources that accelerated them.
Another way to find out which sources accelerate cosmic rays, is to look at cosmic-
ray arrival directions and trace them back to their sources. This technique is in particular
pursued at the highest energies. Due to interactions with the cosmic microwave background,
cosmic rays of energies exceeding ∼ 1020 eV will loose energy. The attenuation length of
protons of this energy is roughly 13 Mpc. This leads to a predicted Greisen, Zatsepin,
Kuz’min (GZK) cutoff in the cosmic-ray spectrum (Greisen 1966; Zatsepin & Kuz’min
1966). Any sources of higher energy cosmic rays should be relatively nearby, which reduces
the number of possible sources drastically. Measuring the arrival directions of such super-
GZK cosmic rays is thus very promising.
It is also important to note that cosmic rays, unlike the electromagnetic signals used
in traditional astronomy, do not travel in straight lines from their sources to us. Instead,
they are deflected by galactic and extragalactic magnetic fields. The amount of deflection
depends on the strength and structure of the magnetic fields and on the rigidity of the
particle
R = p
Ze
, (1.13)
where p is its momentum. At a given energy, protons are deflected much less than heavier
nuclei (which carry more charge). For this reason it is particularly important to measure
the composition of cosmic rays at the highest energies. At these energies (of E > 1019 eV)
protons suffer relatively little deflections and one might hope to find a correlation between
cosmic-ray arrival directions and their sources. If all particles are heavy nuclei on the other
hand, any search for such a correlation is doomed to fail and one has to look for other
methods to identify the sources.
For these reasons many experiments have been built to measure cosmic-ray composition
at energies above ∼ 1015 eV where the transition from Galactic to extragalactic sources is
expected to be found.
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1.4 Measuring cosmic-ray composition
Measuring cosmic-ray mass composition with ground-based detectors entails measuring
composition sensitive parameters of the air shower. The distributions of these measure-
ments are then compared to those predicted by air-shower simulations, such as CORSIKA
and AIRES, in order to derive the cosmic-ray mass composition. This implies that it is
not possible to measure the type of every individual cosmic ray with ground-based mea-
surements. Moreover, the translation step from composition sensitive parameters to com-
position requires the use of simulations. These simulations depend on hadronic interaction
models such as EPOS-LHC (Pierog et al. 2013), FLUKA (Battistoni et al. 2007), QGSJET-
II (Ostapchenko 2006) and SIBYLL (Ahn et al. 2009). Uncertainties in these interaction
models thus translate into uncertainties on the cosmic-ray composition. Such uncertainties
can be large, since the interaction cross-sections in the models are tested only up to ener-
gies available in Earth-based accelerator experiments. These are then extrapolated to the
higher energies of cosmic rays.
The parameters that are sensitive indicators for the primary composition, that are used,
are the electron to muon ratio and the depth of shower maximum. As discussed in Sect. 1.2.1
due to the superposition principle the depth of shower maximum (or Xmax) is shallower
(on average) for higher mass nuclei than it is for protons. From the same superposition
principle it follows that, while the number of electrons at shower maximum only depends
on the primary energy, the number of muons at the ground depends also on the mass of the
particle. Therefore, measuring both the number of electrons as well as the number of muons
the mass of the particle can be derived (Kampert & Unger 2012). This principle is employed
in various particle detector experiments around the world. Examples of these are AGASA
(Chiba et al. 1992), KASCADE-Grande (Apel et al. 2010), Yakutsk (Glushkov et al. 1985)
and IceTop (Abbasi et al. 2013). Muons are typically distinguished from electrons using
their greater penetrating power by shielding (a part of) the detectors. Because the particles
are only measured at ground level and not throughout the development of the air shower the
results are affected more by shower to shower fluctuations. Therefore, the uncertainties are
typically larger than those using direct Xmax measurements. On the upside, the detectors
can operate in almost all weather conditions and hence have a very high duty cycle.
Direct measurements of the depth of shower maximum are done using detectors of
optical light. Cherenkov light is emitted by electrons and positrons traveling through the
atmosphere with velocities greater than the speed of light in the same medium. This
illuminates a cone on the ground. The slope of the intensity observed in the inner part
of this cone (up to ∼ 120 m) depends on Xmax. The detectors used are typically photo
multiplier tubes with parabolic Winston cones on top looking upwards (Stanev 2010).
This technique is currently only employed for high energy air-shower observations at the
Yakutsk and Tunka (Budnev et al. 2009) experiments in Russia.
While traveling through the atmosphere, air-shower particles also excite atmospheric
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molecules. When these molecules relax into their ground state fluorescence light is pro-
duced that can be detected using sensitive optical telescopes. Because the amount of light
produced depends directly on the amount of energy deposited into the atmosphere at any
given point, this gives a direct measurement of the shower maximum.
Examples of fluorescence detectors are the Fly’s Eye (Baltrusaitis et al. 1985) experi-
ment and its new incarnation HiRes (Abu-Zayyad et al. 2000). These measurements offer
a high Xmax resolution, and thereby contribute greatly to an accurate reconstruction of
cosmic-ray composition. Unfortunately, they depend heavily on good weather conditions.
Both Cherenkov and fluorescence light detectors need cloudless, moonless nights and have
duty cycles below ∼ 15%.
Ideally, one would like to have a technique that combines the ‘best of both worlds’. A
duty cycle of nearly 100% (like particle detectors) but with a direct sensitivity to Xmax
(like fluorescence detectors). For this reason, fluorescence detectors are combined with
particle detectors in a single experiment. Such hybrid detectors then use air showers which
are detected with both techniques to calibrate the higher duty cycle particle detector re-
construction. Unfortunately, due to the low duty cycle such hybrid measurements are
rare. Examples of hybrid experiments include TA (Abu-Zayyad et al. 2012) and the Pierre
Auger Observatory (Abraham et al. 2004). The latter is currently the largest air-shower
experiment in the world, consisting of 1600 water Cherenkov surface detectors and 27 Flu-
orescence telescopes covering an area of about 3000 km2, near the town of Malargüe in
Argentina.
Another possibility is offered by measurements of radio emission from air showers. Be-
cause this emission is unaffected by attenuation in the atmosphere and can even be observed
during daytime, the duty cycle is high (only failing when strong atmospheric electric fields
are present during thunderstorm conditions (Buitink et al. 2007, 2010)). But before one
can use such radio emission as a probe to study cosmic rays, one first needs to understand
how it is generated, and if the emission pattern is indeed sensitive to Xmax.
1.5 Radio emission from air showers
Air showers contain vast numbers of electrons and positrons moving through the atmosphere
at relativistic velocities. Even a relatively modest shower initiated by a primary particle
with E0 = 1016 eV easily contains on the order of
Nmax =
E0
Ec
≈ 10
16 eV
84 MeV ≈ 10
8 (1.14)
such particles.
These are contained within a thin shower pancake, the lateral density of which is well
described by a Nishimura-Kamata-Greisen (NKG) function (Kamata & Nishimura 1958;
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Greisen 1960):
ρNKG(r, s,Ne) =
Ne
r2M
Γ(4.5− s)
2piΓ(s)Γ(4.5− 2s)
(
r
rM
)s−2 (
1 + r
rM
)s−4.5
(1.15)
where r is the distance from the shower axis measured in the shower plane, Ne is the
(electron) shower size, rM is the Molière radius which is the radius (∼ 80 m) which contains
on average 90% of the deposited energy of an electromagnetic air shower. The s-parameter
is called the shower age and 0 < s < 1.5 with s = 1 at X = Xmax per definition. For radio
frequencies in the MHz range, the thickness of this pancake is smaller than one wavelength
and thus any electromagnetic radiation emitted by particles contained therein is coherent.
This means that the amplitude of a radio wave scales with Ne, rather than with
√
Ne as
would be the case for incoherent emission. Moreover, due to the relativistic velocities of
the particles, any electromagnetic emission will be strongly beamed in the bulk direction of
motion.
Radio pulses in coincidence with air-shower detections were first measured by Jelley
et al. in the 1960s (Jelley et al. 1965). Subsequent measurements have shown that the
strength of the observed radio signal scales with the angle α that the shower symmetry
axis makes with the direction of the local geomagnetic field. This can be understood if the
emission is caused by the acceleration of electrons and positrons (in opposite directions)
by the Lorentz force exerted on them by the Earth’s magnetic field (Kahn & Lerche 1966).
This is the geomagnetic emission mechanism, schematically depicted in Fig. 1.4.
A secondary emission mechanism, originally proposed by Askaryan (1962), is also de-
picted in Fig. 1.4. Electrons are knocked out of atmospheric molecules, leaving positively
charged ions behind. These electrons are imparted with enough energy, such that they
travel along with the shower front. Additionally, positrons in the shower front annihilate
with atmospheric electrons. These processes together lead to an excess of negative charge
at the shower front. This moving charge-excess also gives rise to radio emission.
An important difference between the emission generated by these two processes is the
polarization direction of the electric field. For geomagnetic emission the polarization direc-
tion is aligned with the Lorentz force in the ~v × ~B direction, where ~v is the propagation
velocity vector of the air shower and ~B the magnetic field. Emission from the charge-excess
process on the other hand is polarized radially with respect to the shower symmetry axis.
Thus, measuring such a radial component in the resulting total field would indicate the
presence of charge-excess emission.
The combination of both differently polarized components also leads to a complicated
pattern of the intensity observed at ground level. This is further influenced by the fact that
the emission is not propagating in vacuum, but rather in air which has a density dependent
and non-unity index of refraction. This creates relativistic time compression effects that are
seen as Cherenkov rings of amplified emission when projected onto the ground. Moreover,
due to the same compression effects, the emission is coherent up to frequencies extending
11
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Figure 1.4: Radio emission from air showers is generated by two processes. In the geo-
magnetic emission process, electrons and positrons are accelerated in oppo-
site directions by the Earth’s magnetic field. In the secondary charge-excess
emission process, an excess of electrons builds up at the front of the shower
by electrons being knocked out of atmospheric molecules leaving positively
charged ions behind.
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well into the GHz range. Even at high MHz frequencies it is expected that the amplification
rings are more apparent. However, up to now no observations have been performed in this
regime. This might be interesting, because the ring diameter is expected to be related to
Xmax.
Another aspect of the emission, related to the depth in the atmosphere where the bulk
of it is emitted, is the curvature of the wavefront. Because the emission happens at a finite
height in the atmosphere, the wavefront observed at the ground is non-planar: it has a
slight curvature. If the emission is generated by a slowly moving point source, one might
expect a spherical wavefront. The actual wavefront shape might be more complicated and
only measurements can determine this.
Finally, since the emission is generated primarily by acceleration of charges, one might
expect atmospheric electric fields to also play a role once the associated electric force of
these fields becomes comparable to the Lorentz force.
The current level of knowledge of air-shower radio emission would not have been achieved
without the pioneering work of modern radio detector experiments such as LOPES (Falcke
et al. 2008), CODALEMA (Ardouin et al. 2005) and the latest generation that followed
it, such as Tunka-Rex (Schröder et al. 2013), AERA (Kelley et al. 2011) and LOFAR (van
Haarlem et al. 2013). But a second critical component is the ability to correctly describe
the emission and predict the intensity patterns that are produced.
1.5.1 Radio emission models
Over the years, many models have been proposed to describe radio emission from cosmic-ray
air showers. These can be roughly subdivided into two categories. In macroscopic models
the bulk motions of electrons and positrons are described as currents. These currents
move, grow and decay which induces radio emission. These models offer the benefit that
the emission can be described and understood analytically, and are easily separated into
different emission contributions. They make it easier to reason about the nature of the
emission. Another advantage is that they are fast. Examples of such models are MGMR
(Scholten et al. 2008) and its successor EVA (Werner et al. 2012).
In contrast, microscopic models calculate the contribution to the total emission from
each shower particle directly. This offers the distinct advantage that they are generally
easier to integrate into air-shower simulation codes. Moreover, since no assumptions about
bulk motions have to be made, they naturally capture all complexities of the emission.
They are however computationally more expensive and their results are less easy to inter-
pret theoretically. Examples of microscopic air-shower radio simulation codes are ZHAires
(Alvarez-Muñiz et al. 2012a) and CoREAS (Huege et al. 2013). Great progress has recently
been made on all these codes, and they have converged to give similar results (Huege et al.
2012a).
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In this thesis the radio simulation code CoREAS is frequently used. CoREAS is devel-
oped as a plugin for CORSIKA which in turn uses FLUKA and QGSJET-II as hadronic
interaction models. In CORSIKA, each particles motion is subdivided into tracks. For each
particle and each track the radio emission contribution is calculated using the end point
formalism (James et al. 2011). In this formalism the electric field is calculated from the
particle end points where instantaneous acceleration from and to rest occurs. The endpoint
equations are calculated directly from the Maxwell equations through the Liénard-Weichert
potentials alone and are hence general. It is thus the combined contributions of all par-
ticle tracks that gives the complex total emission pattern, without prior assumption of
any physical emission processes. The simulation also incorporates magnetic fields and a
realistic atmospheric model for the refractive index. An example of the radio signal am-
plitude pattern predicted by CoREAS is given in Fig. 1.5. Furthermore, CoREAS includes
the option to insert arbitrary atmospheric electric field configurations which is relevant for
understanding their effect on the emission.
1.6 This thesis
Before one can use radio emission from air showers to derive properties of the primary
cosmic ray one first has to understand it. And before one can understand the emission, one
first has to measure it. Therefore this thesis starts in Chapter 2 with the question: “How
can radio emission from cosmic-ray air showers be detected?”. Specifically it describes how
this can be done with the LOFAR radio telescope.
LOFAR, the Low Frequency Array (van Haarlem et al. 2013) is a next generation radio
telescope. It is called next generation because, unlike traditional radio telescopes, it does
not use dishes that are mechanically steered to track sources across the sky. Instead LOFAR
consists of thousands of omni-directional dipole antennas. These antennas are simple and
relatively cheap to build, but are supported by sophisticated digital processing in order
to combine the signals electronically. This gives the telescope great flexibility to cary out
multiple modes of observation simultaneously. One of these modes is the observation of
radio emission from air showers. While this can in principle be done with the entire array,
typically the core of the array is used. Here 3456 antennas are gathered within an area
with a radius of ∼ 2 km, with over 864 dual-polarization antennas located on the central
320 m superterp (see Fig. 1.6). This offers an antenna density that is uniquely high among
cosmic-ray radio experiments, enabling the complex emission pattern to be studied in great
detail.
In the next three chapters the question: “What does the radio emission pattern tell us
about the emission mechanisms in air showers?” is tackled. It begins in Chapter 3 with
measurements of air-shower emission in the higher 110−190 MHz frequency range that was
left unobserved by previous experiments. We find very clear Cherenkov rings of amplified
14
1.6 This thesis
300 200 100 0 100 200 300
Position along v× B axis (m)
300
200
100
0
100
200
300
P
o
si
ti
o
n
 a
lo
n
g
 v
×
(v
×
B
) 
a
x
is
 (
m
)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
×10−3µV 2 s/m2
Figure 1.5: Radio emission pattern in the shower plane for the frequency range 30 −
80 MHz as simulated by CoREAS. Here ~v is the propagation velocity vector
of the air shower and ~B is the magnetic field at LOFAR. The air shower was
initiated by a proton arriving from 40.5◦ zenith and 286.9◦ azimuth (measured
northwards from East) with an energy of 5.7 · 1017 eV (image credit Stijn
Buitink).
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Figure 1.6: The LOFAR superterp and surrounding core stations (image credit
ASTRON).
radio emission underlining the importance of refractive index effects and offering a possible
geometrical path to Xmax measurements, albeit limited to a low resolution.
Another potential geometrical measurement is tackled in Chapter 4 where precise timing
of air-shower radio pulses is used to reconstruct the shape of the radio wavefront. We find
that the wavefront shape is hyperbolic rather than the previously proposed spherical and
conical shapes. Knowledge of the correct wavefront shape will help LOFAR and other
future experiments to more accurately reconstruct the arrival directions of cosmic rays.
Measurements of polarized radio emission from air showers are discussed in Chapter 5.
These allow us to derive the relative contribution of the charge-excess emission mechanism
to the total signal. Moreover, for the first time, we are able to demonstrate an additional
dependence of the relative strength of this contribution to the opening angle between the
shower axis and the observer. This dependence was predicted before by theory and a
confirmation of this picture offers more confidence in our understanding of the emission
processes.
Although not directly covered in this thesis, the work presented here also laid the
foundation for a direct comparison of the measured field strength pattern with state of
the art Monte Carlo simulations (Buitink et al. 2014). These comparisons proved that air-
shower simulation predictions are in excellent agreement with measurements (when fitted
to LOFAR data the χ2/ndf ≈ 1). Moreover, it has been shown that Xmax is the main
parameter influencing the air-shower radio emission intensity pattern during fair weather
conditions. Fitting air-shower simulations to LOFAR data with Xmax as the effective free
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parameter delivers a resolution of better than 20 g cm−2 for the reconstruction of Xmax.
This is comparable to the resolution of fluorescence measurements and was a long pursued
goal in the field.
In the 1970’s it was believed that electric fields in the atmosphere would complicate
the emission processes of radio emission from air showers to such an extent that recon-
struction of the primary particle properties was not feasible (Baggio et al. 1977). This
was shown to be incorrect, contributing to the renaissance of the field. Only the strong
electric fields present during thunderstorm conditions are able to significantly alter the ra-
dio emission from air showers (Buitink et al. 2007, 2010). This means that for cosmic-ray
radio measurements these brief time periods can be simply excluded. However, with the
high degree of understanding that was developed on air-shower radio emission during fair
weather conditions another possibility has recently presented itself. One can use the state
of the art air-shower radio emission models, which are now well understood, to attempt
to reproduce the polarization and intensity patterns measured during thunderstorm con-
ditions. In the last chapter it is demonstrated that using this method, information can be
derived about the electric fields present in thunderstorms thus forging a link between the
fields of astroparticle physics and atmospheric sciences.
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Chapter2
Detecting cosmic rays with the
LOFAR radio telescope
P. Schellart, A. Nelles, et al. LOFAR Collaboration
Astronomy and Astrophysics, 560, A98 (2013)
Abstract
The low frequency array (LOFAR), is the first radio telescope designed with
the capability to measure radio emission from cosmic-ray induced air showers
in parallel with interferometric observations. In the first ∼ 2 years of observing,
405 cosmic-ray events in the energy range of 1016 − 1018 eV have been detected
in the band from 30−80 MHz. Each of these air showers is registered with up to
∼ 1000 independent antennas resulting in measurements of the radio emission
with unprecedented detail. This article describes the dataset, as well as the
analysis pipeline, and serves as a reference for future papers based on these
data. All steps necessary to achieve a full reconstruction of the electric field
at every antenna position are explained, including removal of radio frequency
interference, correcting for the antenna response and identification of the pulsed
signal.
2.1 Introduction
With the development of ever faster electronics and the increase in computational power,
the construction of radio telescopes as large interferometric arrays of rather simple antennas
opens a new window for observations. The low frequency array (LOFAR; van Haarlem et al.
2013), is the first large-scale implementation of this technique. In addition to producing the
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first high quality images at these low frequencies of 10−240 MHz, LOFAR was designed to
study short, pulsed signals in the time-domain. With a vast array of antennas observing the
whole sky simultaneously, observations are not limited to a predefined direction, therefore
providing optimal conditions for cosmic-ray detection.
Cosmic rays, accelerated charged particles from astrophysical sources, can be observed
over several decades of energy. When cosmic rays of high energies reach the Earth, they
do not reach the surface as primary particles, but instead interact with atmospheric nuclei.
Thereby, a cascade of particles is created, consisting mostly of photons and a significant
fraction of charged particles. While propagating through the atmosphere, the charged par-
ticles of this extensive air shower emit electromagnetic radiation, which adds up coherently
for wavelengths comparable to the dimensions of the shower front (Huege 2013b).
Already in the 1960s it was proven that cosmic-ray induced air showers emit nanosecond
duration pulses with significant power in the MHz radio frequency range (Allan & Jones
1966; Jelley et al. 1965), but due to lack of sufficiently sophisticated and fast electronics
the technique was not pursued further. Only in the past decade interest in the detection
technique was rekindled and successfully applied (Falcke et al. 2008). The proof of principle
and large progress in the understanding of the emission was made at the LOFAR Prototype
Experimental Station (LOPES; Falcke et al. 2005; Huege et al. 2012b) and further refined
by measurements at the CODALEMA experiment (Ardouin et al. 2005).
Similar to optical measurements of the fluorescence emission from molecules excited
by interaction with the air shower, radio emission directly traces the longitudinal shower
development, which is closely related to the type of the primary particle. Unlike optical
fluorescence measurements, radio emission measurements are less dependent on observing
conditions and can operate day and night matching the duty cycle of particle detector
measurements.
Due to the very steep energy spectrum, measuring the highest-energy cosmic rays re-
quires vast detector areas. Cost constraints therefore limit the density of detectors within
this area giving a wide spacing between the individual antennas. Theoretical models
describing the different emission mechanisms at play point to a very detailed and non-
symmetrical emission pattern at ground level (Werner et al. 2012; Alvarez-Muñiz et al.
2012a; Marin & Revenu 2012; Huege et al. 2013). Testing these models therefore requires
dense sampling of the electric field over a sufficiently large area.
LOFAR offers a high number of antennas clustered on an irregular grid, with increasingly
large spacing between antenna clusters further away from the center. In the core of the
array about 2300 antennas are installed within about 4 km2, which allows air showers to
be measured with unprecedented spatial resolution. These measurements will contribute
significantly to conclusively confirm theoretical models for the radio emission on a shower
by shower basis, a goal previously unattainable due to lack of sufficiently high quality data.
Measurements and converging theoretical predictions of the expected radio signal from
a cosmic-ray induced air shower give a short, nanosecond time-scale bi-polar pulse, which
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is mostly linearly polarized. This article describes the detection set-up and automated
processing pipeline used at LOFAR to measure and identify these signals.
Starting with a description of the instrumental set-up at LOFAR in Sect. 2.2, an
overview of the data reduction pipeline is given in Sect. 2.3. Finally, Sect. 2.4 describes the
characteristics of the dataset obtained between June 2011 and April 2013.
The LOFAR dataset will be used in forthcoming publications to verify existing models
for radio emission from air showers and to develop new techniques that use radio emission
to measure important characteristics of the incoming particle, such as energy and mass.
2.2 LOFAR
LOFAR is a distributed radio telescope. Its antennas are distributed over northern Europe
with the densest concentration in the north of the Netherlands, in the Province of Drenthe.
The observation support center and processing facilities are also located near this central
core. The antennas of LOFAR are grouped into stations, each station taking the role of a
single dish in a traditional radio interferometer array. A station consist of a number of low-
band antennas (LBAs, 10−90 MHz) and high-band antennas (HBAs, 110−240 MHz). The
24 stations within the ∼ 2 km radius core are distributed in an irregular pattern that max-
imizes uv-coverage, or spatial frequencies for standard interferometric observations. The
16 additional Dutch remote stations are distributed with increasing distance to the core.
International stations are currently located in Germany, France, the United Kingdom, and
Sweden, giving LOFAR a maximum baseline of 1292 km for interferometric observations.
Core stations and remote stations consist of 96 LBAs plus 48 HBAs. International stations
have 96 LBAs and 96 HBAs. At the center of the LOFAR core six stations are located in
a roughly 320 m diameter area, called the Superterp, providing both the shortest baselines
for interferometric observations and the densest population of antennas ideal for cosmic-
ray observations. While every LOFAR station is equipped with the necessary electronics
to observe cosmic rays, the current data set is taken with the central 24 stations, where
additional information from particle detectors is available (see Sect. 2.2.3). The positions
of the antennas of the seven most central LOFAR stations are shown in Fig. 2.1.
2.2.1 The antennas
The LBAs are the main tool for cosmic-ray detection. An LBA consists of two orthogonal
inverted V-shaped dipoles, each with a length of 1.38 m. These are supported by a central
polyvinyl chloride pole, which holds the low-noise amplifier and guides the signal cables, as
shown in Fig. 2.2. The dipoles X and Y , that make up each antenna, are oriented northeast
to southwest (NE-SW) and northwest to southeast (NW-SE), as can be seen in Fig. 2.3.
The low-noise amplifier has an intentional impedance mismatch with the antenna. This
mismatch, combined with the characteristic length of the dipoles, makes the system sen-
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Figure 2.1: Layout of the center of LOFAR. The six stations to the left form the Supert-
erp. The stars and crosses indicate the LBA inner and outer antenna sets,
respectively. The open squares show the positions of the HBA tiles, which
are split into two groups per station. The filled squares indicate the positions
of the LORA particle detectors.
Figure 2.2: Low-band antennas at the central core of LOFAR, the Superterp. In the
background the black box of a LORA particle detector can be seen.
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Figure 2.3: Geometry of the LBA. The X and Y dipoles are oriented NE-SW and NW-SE
respectively. This is rotated by 225 degrees with respect to the standard local
Cartesian coordinate system used in Sect. 2.3.4.
sitive in a broad band from 10 − 90 MHz. In principle, this allows observations from the
ionospheric cutoff up to the start of the commercial FM radio band. For most observations
the frequency range is limited by a combination of selectable hardware and software filters
to 30− 80 MHz to suppress strong Radio Frequency Interference (RFI) in the outer bands.
The LBAs are designed to be sky noise limited after RFI has been removed (van Cappellen
et al. 2007). After amplification the signals from the individual dipoles are transmitted
through coaxial cables to the electronics cabinet located at every station.
The HBAs have been optimized for a frequency band of 110 − 240 MHz. The design
clusters 16 antenna elements into a “tile”, the signals from these elements are amplified
and combined in an analog beam-former. This means that while the LBAs are sensitive to
the whole sky the HBAs are most sensitive within the ∼ 20◦ of the tile-beam, of which the
direction is chosen at the start of every observation. This results in a smaller effective area
for cosmic-ray observations, as the measurement will only be optimal if the direction of
the cosmic ray happens to coincide with the beam direction of the observation. Therefore,
the analysis of HBA data and their interesting higher frequency range requires a different
approach for cosmic-ray studies. Results of these measurements will be described in a later
publication.
2.2.2 The transient buffer boards
After being forwarded to the electronics cabinet the signals of the LBAs are again amplified,
filtered, and digitized by a 12 bit A/D converter with a sampling frequency of 200 MHz1.
Due to signal path limitations in the Dutch stations only 48 dual-polarized or 96 single-
polarized antennas can be processed at a given time. For the dual-polarized option the
1A 160 MHz clock is also available.
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Figure 2.4: Energy threshold in PeV (left) and the event rate per day (right) are shown as
a function of the number of triggered particle detectors. Two possible trigger
conditions are indicated with the dotted lines.
antennas are grouped into an inner and an outer set, which has to be chosen before an
observation.
For astronomical observations the data are then beam-formed and sent to the central
processing facility. In addition, there is the possibility to store a snapshot of the original
data. Every station is equipped with ring-buffers, the so called Transient Buffer Boards
(TBBs). These continuously store the last 1.3 s of raw data (an extension to 5 s is currently
being deployed). When triggered, the contents of the TBBs are frozen, read out via the
Wide Area Network and stored on disk for further analysis. The trigger can be generated
based on various parameters in an FPGA2 at the local receiver unit. Alternatively, the
trigger can be generated by an array of particle detectors (see Sect. 2.2.3) or received from
outside of LOFAR. Currently, the main trigger for cosmic-ray observation is provided by
the particle detectors. Later, a radio self-trigger will be implemented, using the current
dataset as a training set to deduce trigger criteria, so that the FPGA trigger can be run
independently at every LOFAR station. These criteria have to reduce false triggers to
limit the data rate. Using every LOFAR station individually will dramatically increase the
effective area.
Essential for measuring cosmic rays with LOFAR as a radio telescope is that the whole
process of triggering and storing radio-pulse data can take place without interfering with
the ongoing observations.
2Field Programmable Gate Array.
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2.2.3 The LOFAR Radboud Air Shower Array
LORA, the LOFAR Radboud Air Shower Array, is an array of particle detectors co-located
with the center of LOFAR. The array provides a reconstruction of basic parameters of
recorded air showers, such as the direction and the position of impact, as well as the energy
of the incoming cosmic ray (Thoudam et al. 2014). It also provides the time of arrival,
which is used to trigger the read-out of the radio antennas.
LORA consists of 20 detector units distributed on the Superterp, as shown in Fig. 2.1.
Each detector contains two scintillators (0.45 m2, type: NE 114), which are individually
read out through a photomultiplier tube. The detectors are inside weatherproof shelters
and have been tested to not create any interference at radio frequencies.
Conditions at which triggers are sent to LOFAR can be adjusted to match the desired
energy threshold. There are two constraints on the desired rate: the rate of events inter-
esting for radio observations has to be maximized, while the network load on the LOFAR
system has to be kept low in order to avoid interfering with the primary observation. A
trigger in a single detector is generated when a particle signal of more than 4σ above the
noise is registered. In order to only detect air showers a coincidence of several detectors
is needed. Events of less than 1016 eV have a very low probability to be observable in
radio above the sky-noise level. The energy threshold and the corresponding event rate
are shown in Fig. 2.4 as the function of the number of triggered detectors. Requiring
triggers in 13 detectors yields a threshold energy of 2.4 · 1016 eV, with an average trigger-
rate of 0.8 events/hour. This trigger rate has been selected as the optimal setting for the
observations.
2.2.4 Observations
After the commissioning phase LOFAR is to be used on a proposal-based schedule. Propos-
als are open to the community for imaging or beam-formed observations, as well as TBB
observations. Some fraction of the observing time is reserved for participating consortia
and key science projects. The LOFAR key science project cosmic rays (CR-KSP) is one of
six LOFAR key science projects.
To maximize the duty cycle TBB observations can be run in the background of all other
observations that do not need the full network bandwidth. This does however mean that
the array configuration is determined by the primary observation, therefore the amount
of data in a specific array configuration (such as the selection of LBA or HBA antenna
type) available for analysis is not determined by the cosmic-ray project itself, except when
LOFAR is otherwise idle and the observing configuration can be chosen freely.
During the observation, triggers from LORA are received by the LOFAR control system.
The system checks whether a dump from the TBBs is allowed. If so, the ring-buffers are
frozen and a specified block of data around the trigger time is dumped to disk. For each
cosmic-ray event 2.1 ms of radio data are stored, which corresponds to 77 MB per station.
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This provides sufficient frequency resolution for high quality RFI cleaning while minimizing
data transfer and storage requirements.
Every evening, the data-files are archived at LOFAR and compressed for transport.
They are stored in the Long Term Archive (van Haarlem et al. 2013), from where they can
be retrieved for data analysis.
2.3 Reconstruction of cosmic-ray data
All newly recorded data are processed every evening, after having been copied via the
network to the processing cluster of the Astrophysics department at the Radboud University
Nijmegen. In addition to the hdf53 files, containing the data of one LOFAR station each,
the recorded data from the particle detectors and a trigger log file are transferred. With
this information an automated pipeline is run. The pipeline is based on the task oriented
PyCRTools framework consisting of fast low-level C++ routines called from Python for
maximum flexibility. All results are stored in a PostgreSQL database for subsequent data
mining analysis. The goal of the processing pipeline is to autonomously identify a full set
of physics quantities for each air shower detected with LOFAR. The pipeline is optimized
to identify those nanosecond pulses that are not generated by terrestrial sources.
All data are first processed per station, i.e. per file. The set of files received for a single
trigger form an event. When the data from one station pass the criteria for containing a
cosmic-ray signal (see Sect. 2.3.3), the corresponding event is called a cosmic-ray event. It
is not necessary to observe a pulse in all stations, only the stations with a significant signal
are used in a combined analysis.
2.3.1 Pipeline structure
The reconstruction pipeline comprises a number of steps that will be individually explained
in the following sections. An overview of the steps and the overall structure is depicted in
Fig. 2.5.
2.3.2 Preparing the data
Before proceeding to extract the cosmic-ray signal from the data, some preparatory steps
have to be performed. Knowledge about the system is applied in the form of calibration
procedures, the data are cleaned of narrowband-transmitters, and antennas that show
malfunctions are flagged.
3A tree-like file format (Alexov et al. 2012).
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Figure 2.5: General structure of the analysis pipeline. Rectangles represent input and
rounded squares are processing steps.
27
Chapter 2 : Detecting cosmic rays with the LOFAR radio telescope
2.3.2.1 Timing offsets and phase calibration
There are known signal path differences between the LOFAR antennas. Measured differ-
ences of cable lengths between the antennas are corrected for up to the 5 ns sample level
already at the stations before the data are written to disk. Additionally, relative time
offsets between the antennas are corrected for at sub-sample accuracy using standard LO-
FAR calibration tables. These tables are generated by phase-calibrating on the strongest
astronomical radio sources and are regularly tested and updated if necessary (van Haarlem
et al. 2013). Sub-sample corrections are applied as phase offsets to the Fourier transformed
signal in the cosmic-ray pipeline, before processing it in the data analysis.
2.3.2.2 RFI cleaning
Narrow-band RFI in the time series signal can be revealed by making an average power
spectrum. An example is shown in the top panel of Fig. 2.6, where most of the strong
RFI is visible outside the 30 − 80 MHz range. The average power spectrum is created by
averaging the square of the absolute value of the Fourier transform over several blocks of
data. The block size can be freely chosen within the full data length to obtain a desired
frequency resolution; here 216 samples are used, giving a resolution of ∼ 3 kHz, enough to
resolve most RFI lines. A reasonable data length is needed for this procedure to produce a
stable average, which sets the limit for the chosen block length to be stored from the TBBs,
as mentioned in Sect. 2.2.4. In order to minimize artificial side lobes a half-Hann window
is applied to the first and last 10% of each trace prior to the Fourier transformation.
The standard approach to RFI cleaning (or RFI flagging) is to identify peaks sticking
out significantly above the overall spectral shape, also called the baseline, and set the
corresponding Fourier component amplitudes to zero. However, this requires ‘a priori’
knowledge of the baseline. While the baseline can be obtained through a smoothing or
fitting procedure, this is often not stable in the presence of strong RFI, requiring an iterative
approach.
An alternative approach to RFI cleaning uses the phase information in the complex-
valued spectrum instead. If an RFI transmitter is measured in all antennas, the phase
difference, or relative phase, between each pair of antennas will be a constant value as
function of time with a small non constant random noise contribution. Note that the exact
value of the constant, which only depends on the geometric delay between antennas, is not
relevant, only its non time-varying nature. When no transmitter is present, the relative
phase is expected to be both random and time varying, as the signal then consists of
the added signals from many incoherent sources on the sky with additional random noise.
Therefore, RFI can be identified by looking at the stability of phase differences between
antennas over time. For each antenna-dipole j = 0, 1, . . . , 95 in a station and data block k,
the phase spectrum is calculated as
φj,k(ω) = arg(xj,k(ω)), (2.1)
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Figure 2.6: The average spectrum of a typical LBA event. The raw data (top), with
flagged contaminated channels (middle), cleaned and clipped to 30− 80 MHz
(bottom). 29
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where xj,k(ω) is the complex frequency component ω of the spectrum.
Subtracting the phase of one of the antennas as reference antenna gives the relative
phases and results in a set of phases for every frequency channel, one for each block of
data. Only one reference antenna is used and this is taken to be the one with median
power to avoid selecting a broken antenna.
The average phase is defined as
φ¯j(ω) = arg
(
N−1∑
k=0
exp(iφj,k(ω))
)
, (2.2)
and the phase variance as
sj(ω) = 1− 1
N
∣∣∣∣∣
N−1∑
k=0
exp(iφj,k(ω))
∣∣∣∣∣ , (2.3)
where N is the number of data blocks.
For completely random phases one expects sj(ω) ≈ 1 as opposed to sj(ω) = 0 when
all phases are equal. The phase variance per frequency channel will now either be at a
value close to 1, including some random ‘noise’, or at a significantly lower level. The latter
reveals the presence of a radio transmitter, as shown in Fig. 2.7, where a contaminated
part of the spectrum is shown with the corresponding phase variance.
Since RFI lines will result in peaks toward smaller values of the phase variance, and
noise has no preferred peak direction, calculating the standard deviation σ in this plot only
for values above the median will ensure a stable result. All frequencies that have a phase
variance of at least 5σ below the median4 are flagged as containing RFI. Additionally a
30−80 MHz bandpass filter is applied, flagging the most heavily RFI polluted low and high
frequency parts of the bandwidth by default. To prevent pulse-ringing the 30 − 80 MHz
block filter is first convolved with a, σtapering = 2.5 MHz, Gaussian5. After removing the
flagged channels, the resulting cleaned spectrum is shown in the bottom panel of Fig. 2.6.
In general, there is very little RFI at the LOFAR Superterp. A lot of effort has been
made to remove local sources that could disturb the LOFAR measurements and a protected
zone has even been established (Offringa et al. 2013). This relative quietness is illustrated
in Fig. 2.8. It shows the result of the RFI cleaning for all events for all frequencies.
While every event has some RFI, no single RFI line is present in every event. Within the
30−80 MHz band, there are only two lines that are present in more than 40% of the events.
In total there are rarely events with more than 2% flagged channels out of the more than
32000 frequency channels in a block of data. This is is shown in Fig. 2.9, where the total
fraction of events is plotted against the number of flagged channels.
4Assuming a Gaussian distribution, σ can be estimated by sorting the data points, and comparing the
value at 95 percentile to the median. This difference amounts to ∼ 1.64σ.
5This effect also occurs when flagging large blocks of RFI but this does not happen in practice and so
no tapering window is applied for this case.
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Figure 2.7: Average LBA spectrum (bottom, left axis) with the corresponding phase vari-
ance (top, right axis). RFI lines can clearly be identified in the phase variance
with peaks toward lower values, representing more stable phase differences
between antennas over time.
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Figure 2.8: Fraction of events that is affected by narrow-band RFI in each of the ∼ 3 kHz
frequency channels as function of frequency.
2.3.2.3 Flagging bad antennas
Occasionally, one or more antennas give invalid signals, e.g. due to hardware malfunction.
To identify these bad antennas the integrated spectral power is calculated
P =
∫ 80 MHz
30 MHz
|x(ω)|2dω, (2.4)
where x(ω) is the ω frequency component of the cleaned spectrum. The power in every
antenna is required to be in the range of one half to two times the median power from
all antennas. Antennas outside this range are marked as bad and excluded from further
analysis.
2.3.2.4 Absolute gain calibration
There are ongoing efforts for an absolute calibration of the voltage traces of LOFAR and
therefore the reconstructed electric field. Those efforts will be described in a forthcoming
publication and include calibration on astronomical sources, terrestrial transmitters, and
already conducted dedicated measurement campaigns, similar to those performed at other
experiments, (e.g. Nehls et al. 2008). Once implemented, the reconstruction pipeline will
deliver calibrated electric field strengths and their polarization components for all events.
However, significant progress in understanding the mechanisms of radio emission in air
showers can already be made with a relative calibration.
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Figure 2.9: Relative fraction of events with a certain number of flagged channels. Over
60% of the events have less than 100 channels (≈ 300 kHz) flagged out of the
full used bandwidth of more than 16000 channels.
2.3.2.5 Relative gain calibration
The LBA measurement is dominated by sky noise, which in turn is dominated by the
Galaxy moving through the antenna beam pattern. Therefore, the noise as seen by each
antenna is a function of the Local Sidereal Time (LST) and can be used to correct for
differences in gain between antennas. Instead of correcting all antennas at all times to
a fixed value, which would be over- or underestimating the noise at certain times, the
received power can be normalized to a LST-dependent reference value. In Fig. 2.10 the
integrated spectral power (Eq. 2.4), after RFI cleaning, is given as a function of LST for
the instrumental polarization X and Y . The data have been retrieved from all cosmic-ray
events measured within the first year of data-taking. One can define a reference value
for the integrated spectral power as a function of LST by fitting a function to these data
points. Since the movement of the Galaxy through the antenna beam pattern is periodic
by nature it is fitted with the 2nd order Fourier series
Pref(t) =
a0
2 +
2∑
n=1
an sin(nt) + bn cos(nt), (2.5)
thereby avoiding artificial jumps in the fit at 0:00 LST. The time t is given in units of
radians here. This results in a gain correction for each antenna as
x′(ω) =
√√√√Pref(t)
P (t) x(ω), (2.6)
33
Chapter 2 : Detecting cosmic rays with the LOFAR radio telescope
 0
0
:0
0
 0
4
:0
0
 0
8
:0
0
 1
2
:0
0
 1
6
:0
0
 2
0
:0
0
 0
0
:0
0
Local Sidereal Time
0.005
0.006
0.007
0.008
0.009
0.010
0.011
0.012
g
a
la
ct
ic
 p
o
w
e
r 
[a
.u
.]
 0
0
:0
0
 0
4
:0
0
 0
8
:0
0
 1
2
:0
0
 1
6
:0
0
 2
0
:0
0
 0
0
:0
0
Local Sidereal Time
0.005
0.006
0.007
0.008
0.009
0.010
0.011
0.012
g
a
la
ct
ic
 p
o
w
e
r 
[a
.u
.]
Figure 2.10: Integrated spectral power normalized to the bandwidth, after RFI cleaning,
as a function of local sidereal time for the X (NE-SW) (top) and Y (NW-SE)
(bottom) instrumental antenna polarizations. Also shown is the fitted second
order Fourier transform (solid line). The uncertainties on the data still
include systematic effects due to the set-up itself, as well as possible artifacts
of the RFI cleaning, when having certain frequencies that are contaminated
in a significant fraction of the data.
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where the square root is needed, because the correction is applied to the amplitude spec-
trum.
2.3.3 Identifying cosmic-ray signals
After cleaning and calibration of the data, the central element of the pipeline is the iden-
tification and characterization of the radio pulse as the signal of the air shower.
2.3.3.1 Using information from the particle detectors
In order to restrict the search for the radio pulse to a smaller region in the trace, the
information from the trigger time of the particle detectors is used. Fig. 2.11 shows the
difference in time between the trigger from the particle detectors and the pulse location in
the radio data obtained from a search with a large window. The distribution shows a clear
peak at the region of the coincidences at an offset of 253± 168 ns. In absolute timing the
offset between LORA and LOFAR is 10253 ns, of which 10000 ns are already accounted for
in the triggering system.
The average offset is obtained by fitting a Gaussian to the distribution of pulse positions
with respect to the trigger time. This is only an approximation, as the real offset per event
depends on the position of the core and the incoming direction of the air shower. Also,
effects due to the propagation of particles and radiation in the atmosphere can play a
role. The overall difference is due to the fact that both detectors operate independently on
different timing systems. Both are based on GPS timing, but correct for drifts (< 20 ns) in
different ways and have a differing absolute time. The spread on the differences is however
sufficiently small for Superterp stations to not require additional synchronization of the
two systems. Stations further away can have larger offsets due to the signal travel time,
which can be corrected for after a reconstruction of the shower.
These measurements allow for the pulse search to be restricted to a small fraction of
the full time trace, limiting the chance to pick up random noise fluctuations.
2.3.3.2 Finding candidate events
The trigger threshold of the scintillator array is chosen to be lower than the threshold to
detect a radio signal. This ensures a full sample, but also makes it necessary to identify in
a first quality check whether there is a detectable signal present. Therefore, per antenna
polarization, the signals are first beamformed in the direction reconstructed from the data
of the particle detectors. This direction is given in the local Cartesian coordinate frame
of the station by ~n and the position of each antenna j is given by ~rj. A planar wavefront
arriving at the phase center (0, 0, 0) at time t = 0 will arrive at antenna j with a delay
given by
∆tj = −1
c
~n · ~rj
|~n| = −
1
c
eˆn · ~rj, (2.7)
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Figure 2.11: Difference in time between the time of a pulse identified in the radio signal
and the trigger time set by the signal in the particle detectors. This plot
shows the distribution summed over all Superterp stations.
where c is the speed of light. The beamformed signal, in frequency space, in this direction
is then given by
xbf(ω) =
Na∑
j=0
xj(ω)e2piiω∆tj , (2.8)
where xj(ω) is frequency component ω of the Fourier transform of the signal from antenna
j and Na is the number of antennas. The inverse Fourier transform gives the beamformed
time series signal. Due to beamforming any signal coming from the direction of the air
shower is amplified by a factor Na in amplitude while uncorrelated noise is only amplified
by a factor
√
Na. Therefore, if no significant signal is detected in the beamformed trace,
the event very unlikely contains a cosmic-ray signal strong enough to be detected at single
dipole level by the rest of the pipeline. Thus, the analysis of the data of that station is
aborted.
To test this assumption, Fig. 2.12 shows the distribution of the peak amplitude in the
beamformed signal per station, distinguishing between events in which ultimately a cosmic
ray was identified and those in which there was not. The peak amplitude is normalized by
the root mean square of the trace, as a proxy for the noise contribution. From this it can
be seen that the fraction of events where a strong signal is observed in the beamformed
trace is significantly higher for stations where eventually a cosmic-ray signal is detected.
All events in the tail of the non-detected distribution were visually inspected and identified
as broad-band RFI, with pulses differing significantly in shape from those of cosmic rays
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Figure 2.12: Distribution of the signal-to-noise ratio (S/N) in initial beamforming. The
S/N is defined the ratio of the peak amplitude of the beam-formed trace
and the RMS of this trace. Two cases are separated: a cosmic-ray event was
ultimately detected by the pipeline (solid line) or not (dashed line). The
initial cut, which is applied in the pipeline, is indicated by the dotted line.
and directions ultimately deviating significantly from the direction as measured with the
particle detectors. This distribution shows that an initial filtering based on a moderate
signal-to-noise of beamformed pulses is a quick and effective way to filter out those events
that are potentially interesting, as well as further narrowing the search window per antenna
reducing false positives for pulse detection.
2.3.3.3 Correction for the antenna response
The sensitivity of the LOFAR LBA is a complex function of both frequency and direction.
Correcting for this antenna pattern, i.e. unfolding, requires an initial guess for the pulse
direction and in turn may influence the position of the pulse in time and thus the direction
by changing the phase at which each frequency arrives. Therefore the correction has to be
done in an iterative loop as indicated in Fig. 2.5. Each iteration starts with an increasingly
accurate signal direction and proceeds by unfolding the antenna pattern, pulse detection,
and direction fitting. The loop is concluded when the direction no longer significantly
changes, which usually happens in less than ∼ 5 iterations.
For the antenna pattern of the LBA a simulation is used, which is made using the
software WIPL-D (Kolundzija 2011) and a customized software model of the electronics
chain.
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Figure 2.13: On-sky polarization coordinate frame (eˆθ, eˆφ, eˆn). Also depicted is the
(north, east, zenith) coordinate frame of the simulations, where the unit
vectors (eˆx, eˆy, eˆz) correspond to the x, y and z-axis, respectively. Further-
more the dipole antennas X and Y are shown.
From the impedance and radiation pattern in a transmitting situation the open circuit
voltage is calculated as a function of frequency and direction for an incoming plane wave
with an electric field strength of 1 V/m. The equivalent circuit of the antenna in a receiving
situation is a voltage source with an internal resistance equal to the antenna impedance.
This is combined with measured data of the amplifier directly behind the antenna. The
result of the model is the output voltage of the amplifier over a 75 Ω resistor6.
Any wave coming from a direction eˆn can be seen as a linear superposition of monochro-
matic plane waves, polarized in the eˆφ and eˆθ direction. Here φ and θ are the standard
spherical coordinate angles with the x and z axis respectively, e.g.
~E(t) =
∑
ω
(Eθ,ωeˆθ + Eφ,ωeˆφ) e−i(k~n·~x+ωt). (2.9)
This geometry can be seen in Fig. 2.13.
These terms are related to the output voltage of the amplifier for each dipole, and for
each frequency, via the Jones matrix J (Jones 1941; Hamaker et al. 1996) of the antenna
model VX
VY
 =
JXθ JXφ
JY θ JYφ
Eθ
Eφ
 , (2.10)
where JXθ is the complex response of the antenna and amplifier of the X-dipole to a wave
purely polarized in the eˆθ direction.
Therefore, in order to both correct for the antenna response and convert from output
voltage to electric field strength in the on-sky frame (see Sect. 2.3.4), each pair of Fourier
6Matched to the impedance of the coaxial cables connecting the antenna to the station electronics
cabinet.
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components from the signal in the two instrumental polarizations (X,Y ) is multiplied by
the inverse Jones matrix, followed by an inverse Fourier transform back to the time domain.
The components of the Jones matrix of the antenna model are simulated on a grid with
steps of 1 MHz in frequency, 5◦ in θ and 10◦ in φ. In order to obtain the components at the
frequency and direction of observation, trilinear interpolation is performed on the real and
imaginary parts of the complex table when needed. Examples of the response are depicted
as a function of frequency in Fig. 2.14 and as a function of direction in Fig. 2.15.
2.3.3.4 Pulse detection
Estimating the direction of the incoming air shower, see Sect. 2.3.3.5, can either be done
using beamforming or through pulse timing. Beamforming was found to be very sensitive to
the optimization algorithm used, essentially requiring a grid search to avoid getting stuck
in a local minimum. This is computationally very expensive, moreover it only provides
relative time differences between any two antennas rather than an absolute time needed
for extraction of relevant physical parameters (see Sect. 2.3.4).
In order to use pulse timing, individual pulses have to be identified. This can be done
by using the cross-correlation method, where one looks for the maximum in the cross
correlation of the signals between all antennas. This however has the same drawback as
beamforming, as only relative timing is calculated. A method to retrieve the absolute pulse
timing is through the use of the Hilbert envelope, which is used in this pipeline. A detailed
comparison of the methods is given in Sect. 2.3.3.5.
A sensible definition of the pulse arrival time is the measured arrival time of the max-
imum of the electric field strength. In practice, however, using directly max(|x(t)|2) is
highly dependent on the filter characteristics of the receiving system and the sampling
used. Therefore, the arrival time is defined as the position of the maximum in the ampli-
tude envelope of the analytic signal, also called the Hilbert envelope
A(t) =
√
x2(t) + xˆ2(t). (2.11)
Where xˆ(t) is the Hilbert transform, or imaginary propagation, of the signal x(t) defined
by
F [xˆ(t)](ω) = −i · sgn(ω) · F [x(t)](ω) (2.12)
where F denotes the Fourier transform.
In order to find the pulse maximum with subsample precision, the signal is first up-
sampled by a factor 16, such that the maximum search will not be the limiting factor
in the timing resolution. Subsequently, a simple maximum search is performed on the
envelope. In addition, the signal-to-noise ratio is calculated where the signal is defined as
the maximum and the noise as the root mean square of the envelope. An example can be
seen in Fig. 2.16.
This maximum search is performed on each of the on-sky polarizations Eθ(t) and Eφ(t)
separately and any pulse with a signal to noise greater than three is marked as a possible
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Figure 2.14: Jones matrix components of the antenna model amplitudes (top) and phases
(bottom) for a dipole receiving a wave polarized in the eˆθ direction (circles)
and a wave polarized in the eˆφ direction (stars) for an arrival direction of
φ = 345◦, θ = 50◦. Also plotted, as the dotted line, are the interpolated
values.
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Figure 2.15: An example Jones matrix component describing the dipole response, at
60 MHz, |JX,θ| in the form of the output Voltage (∆V ) as a function of
direction for an incoming wave that is purely linearly polarized in the eˆθ
direction.
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Figure 2.16: The solid light line shows the up-sampled signal. Overlaid is the Hilbert
envelope and the RMS noise in black dashes. A pulse is accepted whenever
the signal to noise ratio exceeds three.
cosmic-ray signal to be used for direction fitting. Because the pulse is expected to be
intrinsically stronger in one of the two polarizations, depending on the angle between the
shower axis and the geomagnetic field, the polarization with the highest average signal to
noise (over all antennas) is first identified and only its maximum positions are used for the
subsequent direction fit.
2.3.3.5 Arrival direction fitting
As described above, every station is processed separately, meaning that the data do not
provide a large lever arm for direction fitting. However, it also means that the actual shape
of the shower front is an insignificant factor in the direction fitting. For a measurement
with a single station, which has a maximum baseline of 80 m, the shower front can be
approximated by a plane wave. Thus, to determine the arrival direction of the cosmic ray
a planar wavefront is fit to the arrival times of the pulses.
This method assumes that essentially all antennas are on a single plane, which certainly
holds for all LOFAR stations as the ground was flattened during construction. Given a
vector of arrival times t, and the vectors x and y for the coordinates of the antennas, the
best fitting solution for a plane wave:
ct = Ax+By + C, (2.13)
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Figure 2.17: Average residual delays derived from a plane-fit to data (top) and from
random samples in the search window with respect to a horizontal shower
front (bottom). The vertical line indicates the cut value derived from the
simulated distribution, which is applied to the data.
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can be found using a standard least squares approach. From A and B the Cartesian
directions φ, θ can be extracted as:
A = sin(θ) sin(φ), (2.14)
B = sin(θ) cos(φ). (2.15)
The plane wave fit itself is done in several iterations. After a fit is performed the residual
delays are investigated and those antennas that have residual delays larger than 3 times
the standard deviation on the residual delays, are removed from the set and the data are
refitted. The fit is terminated when there are less than four antennas left in the set or if no
further antennas need to be removed. For this best direction all residual delays, including
those of removed antennas, are calculated again and used for quality cuts later.
There are several quality criteria in the pipeline related to the plane wave fit. If the
fit fails, a station is not considered further. In addition, a cut is made on the remaining
average residual delays with respect to the expectation of the best fit. This cut can be
derived from the distribution of all occurring plane wave residual delays, as shown in the
top panel of Fig. 2.17. The first peak with events of an average residual delay of less than
10 ns corresponds to excellent events, in which a clear cosmic-ray pulse can be identified
in all antennas. The largest peak corresponds to all those events in which random noise
fluctuations are identified as a pulse. This can be illustrated by a small Monte Carlo
simulation. A random sample is picked from the range of the search window and its residual
to the middle of the search window (corresponding to a vertical shower) is calculated. This
results in the distribution in the bottom panel of Fig. 2.17. The peak in the distribution
obtained from data and the Monte Carlo distribution are centered around the same value
and can therefore be identified with each other. Second order effects, being the directions of
the air showers and non-infinite sampling, can influence the shape of the peak. The longer
tail of the first peak (up to about 50 ns) corresponds to events that have some antennas with
correctly identified pulses and varying numbers of outliers, i.e. antennas where a random
pulse is identified.
Therefore one can safely choose the value 90 ns as a first cut for good cosmic-ray events.
Further cuts for higher quality events or stations can be applied in later analyses.
The plane wave fit results now also allow for a justification of the choice of the Hilbert
envelope as the method for pulse timing, as opposed to cross correlation. Fig. 2.18 shows
the ratio of the number of antennas in which a pulse has been identified by either method
with respect to the remaining residuals on a test-set of randomly chosen events that con-
tain a cosmic-ray signal. The distribution clearly shows that the Hilbert envelope finds
significantly more signals in the first bin, i.e. in the correct bin with small residuals. In
general, cross correlating is expected to be better for pulses with lower signal-to-noise ratio.
For pulses with a high signal-to-noise, however, the Hilbert transform performs more accu-
rately. When using the Hilbert envelope, the position of the maximum is only determined
by the recorded individual pulse, whereas the peak of the cross correlation is determined
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Figure 2.18: Difference in reconstruction between Hilbert Envelope and Cross Correla-
tion. The different quality of the reconstruction is illustrated by plotting
the fraction of the numbers of antennas N , identified by each method, with
respect to the residual that was found in the plane wave reconstruction. For
values above one the Hilbert Envelope identified more antennas, which is the
case for the desired correctly identified signals, which can be found below
20 ns.
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by the degree to which two signals correlate. This degree of correlation can be influenced
by correlations in the noise (for instance residual RFI) or lacking similarity of the pulse
shape between antennas, thereby making the cross-correlation less accurate for timing of
pulses with a high signal-to-noise ratio.
2.3.4 Coordinate Transformation
After the antenna pattern unfolding cycle completes with a successful direction fit for a
given station, the electric field components in on-sky polarizations Eθ(t), Eφ(t), and the
shower arrival direction ~n are known. However, to compare measured data to air-shower
simulations the three-dimensional electric field at ground level
~E(t) = Ex(t)eˆx + Ey(t)eˆy + Ez(t)eˆz (2.16)
is needed, where eˆx, eˆy and eˆz form the right handed coordinate system pointing east,
north and up, respectively. This geometry can also be seen in Fig. 2.13.
Assuming the signal has no electric field component in the propagation direction −eˆn,
this follows from a simple rotation (Ex, Ey, Ez)T = R·(Eθ, Eφ, 0)T , with the rotation matrix
R =

cos θ cosφ − sinφ sin θ cosφ
cos θ sinφ cosφ sin θ sinφ
− sin θ 0 cos θ
 . (2.17)
Note that this assumption is only an approximation, since the signal is measured in the
near field of the shower and the source is moving. However, these are second order effects
and the Eθ(t) and Eφ(t) components are expected to dominate over the En(t) component
(Huege 2013b). Moreover, since LOFAR uses a dual polarization set-up it is not possible
to extract the En(t) component of a linearly polarized signal.
The pipeline concludes by storing pulse parameters for each antenna in the projected
directions.
2.3.5 Extracting Pulse Parameters
In addition to the shower arrival direction, obtained from pulse timing, two more parameters
are extracted: for each antenna the peak amplitude and integrated power of the pulse are
calculated.
Without multiplicative unit conversion factors, ignored for current lack of absolute cal-
ibration, the integrated pulse power is defined through the integration of the instantaneous
Poynting vector and the electric field strength as:
P =
∑
k
Pk ∝
∑
k
∫
∆t
|Ek(t)|2dt, (2.18)
where k = (x, y, z) are the polarization components of the electric field and ∆t is taken as
a symmetric window around the pulse maximum.
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Figure 2.19: Footprint of an air shower measured with LOFAR. The signal strength (peak
amplitude of the radio signal) is encoded logarithmically in the size of the
marker and the color shows the time of arrival. The pentagons represent the
positions of the particle detectors, their size is proportional to the number
of recorded particles. The reconstructed shower axis is indicated by the blue
cross for the core position and the line for the projected arrival direction.
This is calculated in discrete sampling xi as
Pk =
1
f
∑
signal
|xi|2 − Nsignal
Nnoise
∑
noise
|xi|2
 , (2.19)
where f = 200 MHz is the sampling frequency and Nsignal and Nnoise are the number of
samples in the signal and noise windows respectively. The noise window consists of the full
327680 ns block excluding the pulse window.
2.3.6 A measured air shower
The result of the reconstruction pipeline is a full three-dimensional electric field vector per
antenna position as a function of time. There are various ways in which this result can be
visualized. The shower footprint, Fig. 2.19, shows the signal strength (peak amplitude of
the radio signal) at the measured antenna locations as well as the time of arrival. Here, one
can see that both the radio signal strength and the arrival times are consistent with the
air-shower direction and core position as determined by the scintillator array. Both effects
are distinctive properties of radio emission from air showers and are not produced by RFI.
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Figure 2.20: Distribution of radio signals (peak amplitude in arbitrary units) with respect
to the distance from the shower axis as reconstructed from the scintillator
data. Shown are the three components of the reconstructed electric field.
Another common way to visualize the result is in the form of the lateral distribution,
shown in Fig. 2.20. Here the radio signal strength, in all three polarization components,
is shown as a function of projected distance to the shower axis. This projection retains
the spatial distribution of the antennas (i.e. stations can be seen as groups), but azimuthal
symmetry in the shower plane is assumed. This rather complicated looking distribution can
be explained using detailed models of the radio emission, which also include non-rotational
symmetrical effects. Further details of event by event characteristics will be reported in
forthcoming publications.
2.4 Properties of reconstructed air showers
In order to verify the data quality and the method of reconstruction a short overview of
the first data taken with LOFAR is given. The data set used here (June 2011 until April
2013) contains 3341 recorded triggers, of which 1597 pass the strict quality cut for a good
data reconstruction of the particle measurement. Of all triggers, 405 events contain signals
of cosmic rays as identified by the pipeline, with a threshold energy of 5 · 1015 eV.
2.4.1 Triggers from the array of particle detectors
On the reconstruction of air showers from the particle data quality cuts are applied. The
reconstruction is considered reliable, when the reconstructed shower core is contained within
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Figure 2.21: Fraction of air showers with a detectable radio signal over the number of air
showers triggered with a scintillator signal is plotted against the number of
particle detectors above threshold in an event. The red straight line is a fit
to the data.
the array, the shower is not too horizontal (θ < 50◦) and the reconstructed Molière radius7
falls in the range of 20− 100 m. After cuts, the lowest energy of a shower that triggered a
read-out of the LOFAR buffers is 1.8 · 1015 eV and the highest is 1.9 · 1018 eV. The LORA
scintillator array becomes fully efficient above 2 · 1016 eV.
All triggers sent by the scintillator array follow a nearly uniform distribution in azimuth
and a sin(θ) cos(θ)-distribution in zenith angle as it is expected from the geometry for a
horizontal array with flat detectors.
The number of events with a detectable radio signal increases with the number of trig-
gered particle detectors, as can be seen in Fig. 2.21, where the fraction of triggered events,
with and without a detected radio signal, is plotted against the number of particle detec-
tors per event. The fraction is clearly increasing with the number of triggered detectors, as
shown by a fitted straight line. According to this fit, at a threshold of 13 detectors about
10% of the events contain a cosmic-ray signal.
2.4.2 Event rates and sensitivity
For a first estimate all reconstructed triggers are considered valid events which show radio
pulses coming from a direction that agrees to 10◦ angular distance with the direction that
was reconstructed from the arrival times measured with the particle detectors. This choice
7Characteristic transverse size of an air shower.
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Figure 2.22: Angular difference between the shower axis reconstructed from the particle
data and the direction estimate from the radio signal. To make the events
comparable, the difference is scaled with the uncertainty of the individual
reconstruction σLORA.
is based on the results shown in Fig. 2.22. This figure shows the angular difference between
the two reconstructed axes for all events. A steep fall-off in number of events with an
increasing angular difference can be seen. Any event that deviates more than 10σLORA
certainly lies outside the correct distribution. The shower axis is on average reconstructed
with an uncertainty σLORA ∼ 1◦ from the data of the particle detectors. Thus, a quality
cut of 10◦ is chosen.
Fig. 2.23 shows all 405 cosmic-ray events successfully detected with the LBAs as dis-
tributed on the local sky. Visible is a clear north-south asymmetry, where 276 events arrive
from the northern hemisphere. This corresponds to a probability p = 0.68 ± 0.02 for a
detected event to arrive from the north. As the magnetic field at LOFAR is parallel to the
north-south axis this is expected, if the main contribution to the signal is of geomagnetic
origin (Falcke et al. 2005; Ardouin et al. 2009).
The effect is also illustrated in Fig. 2.24, which shows the fraction of detected air
showers as a function of azimuth angle for the events with radio signal, as well as for all
LORA triggers sent. While the events registered with the LORA detectors are uniformly
distributed in azimuth, the radio events show a clear deficit from the south. Due to the
orientation of the LOFAR antennas and thereby the reduced sensitivity for purely east-west
polarized signals, events arriving directly form the north are not necessarily preferred, as
their signal is expected to be mainly polarized in the east-west direction (Huege 2013b).
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Figure 2.23: Arrival directions of the cosmic-ray events detected with LOFAR from June
2011 until April 2013. East is 0◦ and north corresponds to 90◦. Also indi-
cated (cross) is the direction of the magnetic field at LOFAR.
The detection efficiency as a function of direction follows from a deconvolution of the
expected emission strength with the antenna pattern and will not be discussed in detail
here.
The energies of the air showers with a detectable radio signal are shown in Fig. 2.25.
The depicted energy is the one reconstructed from the corresponding particle data. This
reconstruction has an overall systematic uncertainty of 27% and varying event by event
uncertainties (Thoudam et al. 2014). One clearly sees that below ∼ 1017 eV the detection of
air showers through their radio signal is not fully efficient, as the strength of the radio signal
scales with the energy of the shower. Higher energies in this distribution are constrained by
the steeply falling cosmic-ray energy spectrum and limited size of the detector array, which
leads to limited event statistics at the highest energies. There are significant hints that
showers of higher energies have been measured with LOFAR (especially when including
the stations outside the Superterp), but these events are not well enough constrained by
the data from the particle detectors in order to have a reference energy of the necessary
accuracy. After a calibration of the energy of the radio measurements, those events will be
used in a radio-stand-alone reconstruction.
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Figure 2.24: Binned distribution of the azimuth angles of all events measured with the
particle detectors (black squares) and those in coincidence of particle detec-
tors and radio antennas (red triangles). The best fit of a straight line to the
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Figure 2.25: Distribution of the energies of the cosmic rays which had a measurable radio
signal in the LOFAR data. The depicted energy is the one reconstructed
from the corresponding particle data. The quality cuts, as described in
Sect. 2.4.1, are applied.
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2.5 Conclusions
At LOFAR cosmic-ray induced air showers are regularly measured with an array of particle
detectors, LORA, and a large array of radio antennas. The cosmic-ray pipeline is routinely
finding their distinctive radio signatures in the measurements and a full three-dimensional
electric field vector is reconstructed for every antenna position.
A large dataset has been gathered with hundreds of identified cosmic-ray events in data
from the LBAs. With up to a thousand antennas per events, these are the first highly
detailed measurement of the radio signal of air showers. These measurements will be used
for a detailed characterization of the shower shape and will be the benchmark data for
comparison with models of radio emission in air showers.
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Chapter3
Measuring a Cherenkov ring in the
radio emission from air showers at
110-190 MHz with LOFAR
A. Nelles, P. Schellart, et al. LOFAR Collaboration
Astroparticle Physics, 65, 11-21 (2015)
Abstract
Measuring radio emission from air showers offers a novel way to determine
properties of the primary cosmic rays such as their mass and energy. Theory
predicts that relativistic time compression effects lead to a ring of amplified
emission which starts to dominate the emission pattern for frequencies above
∼ 100 MHz. In this article we present the first detailed measurements of this
structure. Ring structures in the radio emission of air showers are measured
with the LOFAR radio telescope in the frequency range of 110 − 190 MHz.
These data are well described by CoREAS simulations. They clearly confirm
the importance of including the index of refraction of air as a function of height.
Furthermore, the presence of the Cherenkov ring offers the possibility for a geo-
metrical measurement of the depth of shower maximum, which in turn depends
on the mass of the primary particle.
3.1 Introduction
Since the discovery of radio emission from cosmic-ray induced air showers in the 1960s
(Jelley et al. 1965; Allan & Jones 1966) it has been predicted that radio emission can be used
55
Chapter 3 : Measuring a Cherenkov ring at 110-190 MHz
as a tracer for arrival direction, mass, and energy of the primary particle. Experimentally it
has been shown that the amplitude of the radio pulse scales with the energy of the primary
particle (Falcke et al. 2005). Recently, it has also been demonstrated that the radio emission
pattern observed at the ground is sensitive to the atmospheric depth of shower maximum
Xmax (Apel et al. 2012; Buitink et al. 2014). This parameter which depends on the type
or mass of the primary particle can be measured with an accuracy comparable to that
of established techniques, such as the detection of Fluorescence or Cherenkov light (e.g.
Kampert & Unger 2012), but with a much better duty cycle.
This progress would not have been made without thorough theoretical understanding of
the emission processes. Recently, models describing the emission processes have converged
to similar results (Huege et al. 2012a). The primary emission component is caused by
deflection of electrons and positrons in the Earth’s magnetic field, producing a coherent
radio pulse that is polarized linearly in a direction perpendicular to the magnetic field
direction and the direction of propagation of the air shower. A secondary component due
to negative charge excess at the shower front also generates a coherent radio pulse that is
polarized linearly, but now radially away from the shower axis. These components either
add constructively or destructively depending on the observer location, creating a complex
emission pattern at ground level (Huege et al. 2013). This pattern is further influenced by
the non-constant and non-unity refractive index of the atmosphere, which leads to visible
effects of relativistic time compression of the signal. Hereby emission is amplified for a
specific angle with respect to the shower axis (de Vries et al. 2011; Alvarez-Muñiz et al.
2012b). Time compression of the pulse also allows shower emission to be detectable at GHz
frequencies where coherence would otherwise be lost (S. Hoover et al. 2010; Smida et al.
2013).
The predicted observational signature of the relativistic time compression of the signal
is a ring of amplified emission at the Cherenkov angle, with a diameter in the order of 100 m
depending on the shower geometry (de Vries et al. 2011). For frequencies above 100 MHz
this ring is predicted to dominate the emission pattern, but this has yet to be observationally
confirmed. From geometrical considerations it follows that the ring diameter should trace
the distance to the shower maximum. This can be combined with atmospheric models
to derive Xmax. Simulation studies confirm this basic idea (de Vries et al. 2013). Thus,
measuring the ring diameter might provide an alternate, geometrical method to derive
Xmax, which can be combined with air-shower models to reconstruct the type of primary
particle.
In this article, measurements of radio emission from cosmic-ray air showers in the fre-
quency range 110 − 190 MHz are presented. While this frequency range has been probed
inconclusively by several early experiments (Jelley et al. 1965; Charman & Jelley 1969;
Spencer 1969) and other recent experiments are also sensitive in this band (Ardouin et al.
2009), these data represent the first high-quality measurements of the radio pattern on a
single event basis. We present three example events that show for the first time on a single
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Figure 3.1: Radio antennas at LOFAR. Behind a low-band antenna a cluster of 24 black
tiles of high-band antennas are shown. The inset shows the construction of a
high-band element in which the bow-tie shaped antennas are mounted before
they are packed in weather-proof foil.
shower basis the importance of the Cherenkov ring in this frequency range. Subsequently
we test the possibility of using the radius of the Cherenkov ring as an estimator for the
depth of shower maximum.
The instrument is described in Sect. 3.2, followed by the description of employed data
analysis techniques in Sect. 3.3. The current dataset is characterized in Sect. 3.4. Finally,
in Sect. 3.5 densely sampled signal patterns are shown and their implications for Xmax
measurements are discussed.
3.2 The instrument
LOFAR is a distributed radio telescope targeted at observing the lowest radio frequencies
from 240 MHz down to the atmospheric cut-off at 10 MHz. The antennas of LOFAR are
distributed over several European countries with a dense core in the Netherlands. The
instrument was specifically designed to be able to observe short duration radio signals,
such as those emitted by pulsars or cosmic-ray induced air showers (van Haarlem et al.
2013).
LOFAR covers the low frequency range with two types of antennas. The low-band
antennas (LBAs, 10 − 90 MHz) consist of two inverted V-shaped dipole antennas, which
are read-out individually. Their characteristics with respect to air-shower measurements
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are described in Schellart et al. (2013).
The high-band antennas (HBAs) cover the frequency range from 110−240 MHz. In this
range the antennas are no longer sky-noise dominated, which had to be accounted for in
the design, while keeping the antennas as low cost as possible. One HBA element consist
of dual-polarization fat dipole antennas, in which holes were cut to save material, making
them similar to bow-tie antennas. The elements are arranged in a styrofoam structure and
combined in groups of 16, called tiles. Every tile is packed in black foil, to protect the
antenna electronics from the weather. Examples of an element and a tile can be seen in
Fig. 3.1.
The HBA electronics have been optimized for targeted astronomical observations. The
signals from all antennas in a tile are amplified and combined in an analog beamforming
step. This means that the signals from the antennas are no longer available separately,
but summed with a correction for a delay that a source from a certain direction would
introduce. The delays to be applied are provided by the LOFAR control system for a
user selectable direction. They are updated every 180 s to keep the direction of maximum
sensitivity pointing in the same direction during an observation. A maximum delay of
15.5 ns can be introduced in 32 steps (Kant et al. 2007).
The HBAs (and LBAs) are grouped together in stations which themselves are dis-
tributed on an irregular grid to maximize the number of different baselines for interfero-
metric observations. Near the center of LOFAR two groups of 24 tiles, called sub-stations,
are associated with every station as indicated in Fig. 3.2. Further away from the core, 48
tiles in a single group belong to a station and international stations comprise a group of 96
tiles.
LOFAR is continuously performing astronomical observations. Here the primary ob-
server selects a target to observe and the desired frequency band. Using both the low-band
and high-band antennas simultaneously is currently not possible. Cosmic-ray observations
typically run in parallel to these primary observations, thus the amount of observing time
in a given frequency band is not controlled by the cosmic-ray project.
In parallel to any observation the tile-beamformed data from all tiles are filled into ring
buffers (Transient Buffer Boards), from which the last 5 s of data can be recorded when
triggered. Triggers can be generated by inspecting the data with an on-board FPGA1 or
received through the LOFAR control software. In order to record cosmic-ray pulses, the
dense core of LOFAR is equipped with an array of particle detectors (Thoudam et al. 2014),
as also shown in Fig. 3.2. In routine observations, coincidences of several particle detectors
trigger a read-out of the ring buffers (Schellart et al. 2013).
The HBAs can be sampled at two different clock frequencies, which allows for several
different observing bands. The one mostly used in the present data-set is 110−190 MHz with
200 MHz sampling, i.e. second Nyquist zone. Alternatively, observations of 170− 230 MHz
1Field programmable gate array.
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Figure 3.2: Central core of LOFAR. The black crosses are the low-band antennas, the blue
open squares indicate the tiles of high-band antennas and the filled squares
are the particle detectors.
(160 MHz, third Nyquist zone) or 210 − 240 MHz (200 MHz, third Nyquist zone) can be
chosen. However, so far no cosmic-ray observations were conducted in the highest band.
3.3 Detecting signals from cosmic rays
The detection of cosmic rays in the data from the HBAs is performed mostly identical to
that of the LBAs as described in detail in Schellart et al. (2013). Here a brief overview is
given, and the differences for HBAmeasurements are explained. Cosmic rays are detected in
parallel to an ongoing astronomical observation, which determines the direction of analogue
beamforming. When a trigger from the array of particle detectors is received, the tile-
beamformed data is written to disk and stored for processing. The combination of all radio
and particle data corresponding to one trigger is called an event. During processing, the
signals from all tiles in a station are first coherently beamformed in the cosmic-ray arrival
direction as reconstructed from the particle data. When a significant signal, with a signal-
to-noise ratio exceeding three in amplitude, is detected in the beamformed signal the station
is selected for further processing and the event is selected as a cosmic-ray candidate. Using
a smaller search window, around the peak in the beamformed signal, a pulse search is then
performed on the Hilbert envelope of the up-sampled signals from each tile. Up-sampling,
by a factor 16, is needed such that the pulse maximum search is not the limiting factor
in achieving the required time resolution. From the arrival times of those pulse maxima
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for which the signal-to-noise ratio in amplitude exceeds three, the direction of the cosmic
ray is reconstructed. Additionally the amplitude (in each instrumental polarization) and
integrated pulse power, over 55 ns centered on the pulse maximum, are extracted.
However, due to the different hardware and other dominant contributions to the back-
ground there are some differences in the reconstruction of the HBA data.
3.3.1 Removal of radio frequency interference (RFI)
The frequency band of the HBAs is less radio quiet than the LBA band. Especially an
emergency pager signal at around 170 MHz adds a non-negligible amount of power to the
spectrum. Therefore, before additional RFI removal is applied (Schellart et al. 2013), all
power in a band of 3 MHz around the pager frequency is set to zero with the edges convolved
with a Gaussian to prevent artificial ringing in the signal.
Furthermore, single HBAs have been reported to occasionally show spikes in the data
due to malfunctions. As such spikes will disturb the initial search for pulses in a beam
formed trace, a simple spike search is performed after the RFI cleaning and antennas with
spikes of outlying high amplitude are removed from the data-set.
3.3.2 Non-removable background
The HBAs are no longer fully dominated by the diffuse sky noise. In addition to the
system noise, some astronomical sources introduce measurable signals in every single tile,
most evident for bright sources such as Cas A or Cyg A. This means that the background
noise in HBA observation is neither uniform nor independent of the direction of observation.
With dedicated on- and off-source observations it was established that the noise-level
will vary at most 15% due to different background sources, which reduces the sensitivity for
cosmic-ray observations. However, due to their brightness these sources are not a common
target for HBA observations.
3.3.3 Gain corrections
The HBA antennas are not read out individually but rather in tile-groups of 16 antennas
after analogue beamforming in the direction of the observation. In order to minimize
artifacts in interferometric images, all individual HBA sub-stations are rotated at different
unique angles (see Sect. 3.2). While the antenna elements within a tile are counter rotated
by the same amount in order to observe the same polarization component, the grid of 16
elements is oriented with the sub-station orientation. This gives a different tile sensitivity
pattern for each HBA sub-station, resulting in different gains between sub-stations within
one single cosmic-ray event. Additionally, the non flat phase response due to the tile
beamforming adds a direction dependent distortion to the pulse shape which is worse
for cosmic-ray arrival directions away from the observation direction. To illustrate the
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Figure 3.3: Influence of the beamforming applied at the HBA tile-level. Shown is the
resulting gain in power as a function of cosmic-ray arrival direction for two
tile-orientations. They are given for a beam pointing towards local zenith
in Fig. a, Fig. c and towards the North Celestial Pole in Fig. b, Fig. d.
Fig. e and Fig. f show the respective differences in gain between the two tiles
from different sub-stations. These differences result in offsets between the
measured signal strength in different sub-stations depending on the arrival
direction of the cosmic ray.
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complexities involved, Fig. 3.3 shows the influence of the analog tile-beamforming on a
pure cosmic-ray signal, without background noise, obtained from a CoREAS simulation
(Huege et al. 2013). Here, the power gain
GP = 10 · log10
(
Pout
Pin
)
(3.1)
is given as a function of the cosmic-ray arrival direction for two HBA sub-station orien-
tations and two beam directions. The simplest pattern is obtained for a beam pointing
towards zenith, where the delay corrections are zero and the signals from the individual
antennas are simply added (left-hand side in Fig. 3.3). The gain pattern is in this case
solely the result of delays introduced by the arrival direction of the cosmic ray. However,
for many LOFAR observations the beam is not pointing towards zenith, but rather towards
some astronomical object. A frequently occurring pointing is towards the North Celestial
Pole, which is given as a second example (right-hand side). While the beam shapes for tiles
in two sub-stations look similar, there are significant differences as depicted in the bottom
row of Fig. 3.3. These differences translate into differences in observed pulse amplitude of
up to a factor of ∼ 15 between tiles in two different sub-stations depending on the shower
arrival direction. This means that while the beamforming always introduces an additional
gain for cosmic rays arriving from the direction of the beam, the effect of the beamforming
for off-beam cosmic rays will not be the same for every tile. While some signals might still
be enhanced, others will be reduced to essentially noise-level.
The exact differences depend on the shape of the pulse and on the frequency response
of the electronics. Furthermore, the complex direction and frequency dependent response
pattern of the individual elements needs to be taken into account as well. Crosstalk between
antenna elements, due to the close spacing within a tile, requires a response pattern per
element as the patterns will be slightly different. Such a detailed antenna model currently
does not exist. Therefore, differences between tiles due to beamforming and the antenna
pattern are not corrected for in the present analysis.
In addition to the beam effect, there are intrinsic differences between stations and tiles.
Gain differences between tiles within a station are corrected for using standard LOFAR
calibration tables. These tables are generated regularly using the algorithms described in
Wijnholds & van der Veen (2009, 2010). The effect of possible gain differences between
stations was tested, using data from the HBA part of the LOFAR MSSS survey (G. Heald
et al. 2013). The calibration values obtained form the pre-processed data of this survey
vary between observations, but differ on average about 5% between stations in any given
observation. As these values are not stable on longer time-scales, they are not used to
correct for gain differences in this analysis. This introduces a 5% uncertainty on the pulse
amplitudes measured in different stations.
Given the above mentioned lacking knowledge of the precise characteristics of the sys-
tem, there is currently no absolute calibration for the electric field strength of the measure-
ments.
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Cosmic-ray data have been gathered with the HBAs since October 2011. Until November
2013, 155 events have been detected in the band of 110− 190 MHz. In addition, two events
were detected in the band of 170−230 MHz. The time spent observing the lower of the two
HBA bands was about 20 times longer. Therefore, this article concentrates on the events
measured in the lower band.
The triggers from the scintillator array were sent according to the same specifications
as for LBA observations (Schellart et al. 2013). These settings give a threshold energy of
2 · 1015 eV for the particle detection. While being recorded with the same trigger settings,
the detection probability for an air shower based on its radio signal is found to be roughly
a factor two lower for HBA than for LBA. This difference can be attributed either to an
intrinsically reduced emission strength at higher frequencies or instrumental effects such as
higher background levels and hardware differences.
3.4.1 Information from particle data
Every triggered radio event is complemented with parameters reconstructed from the par-
ticle data. For every event two reconstructed directions are available, one from the particle
data and one based on the radio signals. The angular resolution of the particle detectors is
on average 1◦. Further parameters obtainable from the particle data are the position of the
shower axis and an energy estimate of the primary cosmic ray. Both parameters are only
reliably reconstructed for a certain parameter space (Schellart et al. 2013), and therefore
not available for all events. The high quality events which are detected with the HBAs
span an energy range from 1.7 · 1016 eV to 1.1 · 1018 eV.
3.4.2 Arrival directions
The arrival directions of the cosmic rays detected with the radio antennas are shown in
Fig. 3.4. A clear north-south asymmetry is visible, which will be discussed in detail in
Sect. 3.4.4.
The angular resolution achieved with the HBA antennas is not the same for all direc-
tions. Many events are only measured with one station. As the antennas are clustered in
two sub-stations, this results in a poorer angular resolution for showers arriving perpendic-
ular to the axis connecting the two sub-stations. Also, the tile-beamforming has a negative
effect on the accuracy as it affects the pulse shape and thereby influences the reconstruction
of the arrival time. Thus, in a similar analysis as presented in Schellart et al. (2013), the
angular resolution was determined to be 7◦ with respect to the particle data. This angular
resolution strongly decreases as a function of number of stations with detected pulses, but is
on average worse than with the LBAs. Thus, a cosmic-ray candidate event is now accepted
as a cosmic-ray event when the directions reconstructed from particle data and radio agree
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Figure 3.4: Directions of the detected cosmic rays on sky as reconstructed from the par-
ticle data. 0◦ corresponds to west and 90◦ is north. The zenith angle ranges
from 0◦ to 70◦. Also indicated (blue circle) is the direction of the magnetic
field at the LOFAR core, which is pointing downwards to north. A clear
asymmetry of number of detected events is visible.
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Figure 3.5: Probability of detecting an air shower as a function of angular difference be-
tween the direction of the observation and the arrival direction of the incoming
cosmic ray. The detection probability is given per bin for all air showers with
an arrival direction in this bin as a fraction of detected events, Ndetected, and
received triggers Ntotal. The grey contour shows a model of the extent of the
beam-shape of an HBA tile. The model is scaled to match the cosmic-ray
data.
within 20◦, instead of 10◦. This relaxed cut excludes two obvious RFI candidates that
arrived from close to the horizon and can also be identified by their deviating pulse form.
This loosened cut provides larger statistics at a possible cost of lesser purity.
3.4.3 Effect of the tile-beamforming
Due to the statistical nature of the cosmic-ray arrival directions, no event arrived directly
(< 1◦) from the direction in which the beam of the observation was pointing.
The main effect of tile-beamforming in the direction of the shower is an increase in signal
strength, which lowers the detection threshold. The main effect of beamforming in another
direction than the arrival direction is a distortion of the pulse shape. This makes events
of low signal strength harder to detect. Strong pulses are detectable, but the frequency
content of the pulse as well as the position of the maximum will be affected. This effect is
observed in data and visualized in Fig. 3.5, where the likelihood of detection is plotted as
a function of angular distance between arrival direction and beam. The overall detection
efficiency is determined by the energy threshold of the HBA tiles, which is higher than
the threshold of the particle array However, the figure shows that events arriving closer to
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the beam direction are more likely to be detected and also that the detection probability
does not go to zero with increasing distance. Interesting to note is that the distribution
roughly follows the predicted dimensions of the beam of the HBAs. Using the relation for
the diffraction pattern of an interferometer
GBeam ∼ 1λ
D
· α · sin
(
λ
D
· α
)
, (3.2)
with typical wavelength λ and detector size D, gives a full width half maximum beamwidth
of about α = 20◦ for an HBA tile and the distribution shown in Fig. 3.5. This beamwidth
also describes the roughly 20◦ region depicted Fig. 3.3 (e), in which the gain is independent
of the rotation of the sub-station. Both beam effects essentially limit the field of view and
sensitivity for cosmic-ray observations with the HBAs.
3.4.4 Observation of north-south asymmetry
If the main contribution to the radio emission from cosmic-ray air showers is geomagnetic
in origin, a north-south asymmetry in the arrival direction of air showers measured in
radio is expected (Kahn & Lerche 1966; Falcke & Gorham 2003). This has indeed been
observed by many experiments in the frequency range up to ∼ 100 MHz (Falcke et al. 2005;
Ardouin et al. 2009). If this still holds true for the frequency range considered in this
paper (110 − 190 MHz), such a north-south asymmetry should also be visible in Fig. 3.4.
This indeed is the case. However, for the particular setup at LOFAR there is an additional
complication. As the sensitivity of the instrument depends on the arrival direction of the
cosmic ray relative to the current pointing of the tile-beam, an observed asymmetry in
air-shower arrival directions might be the result from an asymmetry in the beam pointing
rather than caused by the intrinsic air-shower radio emission process.
In Fig. 3.6 it can be seen that while the reconstructed arrival directions of the cosmic
rays detected by the particle detectors are uniformly distributed in azimuth, the subset of
those triggers that had a detectable radio signal are not. In the same figure the tile-beam
directions for all triggered events are also indicated. Although at first glance, the distribu-
tion of radio events seems to follow the beam direction distribution, a closer inspection does
show some important differences. In the second bin for example, the fraction of detected
radio events is much larger than the fraction of beams pointing in this direction. It is im-
portant to stress here again that such a discrepancy is possible since while the sensitivity is
higher in the beam direction, it is not zero outside of the beam. Thus, a cosmic ray coming
from outside the beam can still be detected if the signal is sufficiently strong.
A total of 155 cosmic rays were detected. Of those cosmic rays 116 arrived from the
northern half of the hemisphere and 39 from the southern half giving a ratio N/S = 3.0. In
order to check if this asymmetry can be explained solely by the asymmetric distributions
of tile-beams (a ratio of 1.46 for all beams, resulting in 92 north vs. 63 south for 155
observations), a simple Monte Carlo procedure is followed. For each trial the number
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Figure 3.6: Distribution of arrival directions of the measured air showers with respect to
azimuth angle. The azimuth angle is measured northwards positive from east.
Shown are the different distributions of azimuth angles of the direction in
which the data were tile-beamformed (black circles), the directions of the air
showers that triggered LOFAR (red triangles) and the directions of the cosmic
rays, which were detected in the radio (blue squares). The triggers are almost
uniformly distributed while the beams of the astronomical observations and
the radio detections are not.
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of events arriving from north and south are drawn from a Poissonian distribution with
expectation values 92 and 63 respectively. The ratio of events from north over events from
south is calculated. This ratio follows a neither Poissonian nor Gaussian distribution. A
total number of 107 trials are performed to give the probability distribution of the north
over south ratio. This procedure was repeated 100 times giving a total number of 109 trials.
The cumulative probability of observing a ratio of 3.0 or higher is P (r ≥ 3.0) = 3.4 · 10−5
on average. In order to reduce the probability to be dominated by events arriving close to
the north-south boundary or near the zenith, where north and south are not defined, the
same analysis is repeated on a set that excludes these regions by ±5◦. This exclusion region
is motivated by the beamwidth and excludes 7 air showers. The remaining air showers are
distributed in 112 from north and 36 from south with a fraction of 1.57 from north for all
beams remaining in the selected regions. The resulting probability for this set is found at
a value of 1.9 · 10−4.
Furthermore, if we only select the 61 beams that were actually pointing to the south,
we still detect 38 air showers in them arriving from the north. The result also does not
change if the arrival directions reconstructed from LOFAR data itself are used instead of
the ones from particle detector data.
It is thus extremely unlikely that the observed asymmetry in cosmic-ray arrival di-
rections is caused by the asymmetry of the instrumental sensitivity alone. We therefore
conclude that the distribution of arrival directions of air showers measured at 110−190 MHz
is compatible with a strong geomagnetic component in the emission.
3.5 Observation of Cherenkov rings in air showers
The high antenna density of LOFAR enables detailed studies of the radiation pattern
generated by individual showers. This is very instructive due to the intrinsic asymmetry
of the signal which hinders averaging over showers. LOFAR is the only current experiment
that can test theoretical predictions about the signal pattern in a single event study.
Using these single events several approaches how to extract information from the radio
pattern about the characteristics of the air shower are tested. The measured patterns are
in their full extent compared to Monte Carlo simulations. This illustrates to what extent
the current air shower simulations capture the measured features and how this contains
information about the shower development. Furthermore, the measured events show the
predicted ring structures and these are used to extract the ring size. Here, we also discuss
with what precision the ring size can be determined and whether this is sufficient for a
measurement of the depth of the shower maximum.
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Figure 3.7: Air shower as measured with the HBAs. The dark red pentagrams depict the
particle detectors. The colored circles represent the HBA tiles. In both cases,
signal strength (particle density and maximum amplitude) is encoded in the
size of the markers (logarithmic and linear, respectively). The arrival times
of the radio pulses are encoded in the color of the circles going from early in
red to late in yellow. The shower geometry as reconstructed from the particle
data is shown with the blue cross and the line indicating the shower core and
the projected arrival direction, respectively. This air shower is also used for
further analysis in Sect. 3.5.2.
3.5.1 Example event
Fig. 3.7 shows an event as recorded with the HBAs. The distribution of signal strengths on
the ground shows the level of detail in which the features of the emission can be measured
with LOFAR. It is however difficult to identify general structures by eye, given the irregular
distribution of antennas and the measurement of the radiation pattern on the ground
instead of in the shower plane.
3.5.2 Comparison to simulations
As shown in Buitink et al. (2014) the simulation code CoREAS (Huege et al. 2013) describes
the data from the low-band antennas well and in great detail. With these simulations it
can be illustrated what is expected from an observation at higher frequencies. Fig. 3.8
shows the same simulation filtered in the two different LOFAR frequency bands. The
shape of the signal distribution as function of the distance to the shower axis changes at
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Figure 3.8: Simulated pulse power (CoREAS) as a function of distance to shower axis for
different ideal filter settings on an idealized grid of antennas. For this shower
the primary particle was a proton of 7.2 · 1017eV, arriving at a zenith angle
of 38◦. As the pulse power is not only a function of distance to shower axis,
the spread represents the asymmetry in the signal.
higher frequencies. A ring like structure emerges, which corresponds to the enhancement
at around 100 m. Furthermore, the total power of the signal decreases with frequency.
A direct comparison of the HBA data using the method of Buitink et al. (2014) can
only be accomplished under certain conditions. As discussed earlier, the additional gain
differences of the HBA sub-stations according to their rotation make it challenging to
correct for the hardware response. To do this correctly, one has to simulate single pulses
and feed them through a full model of the hardware, including especially the analogue
beam former. Such a realistic model of the full hardware is however not available yet.
Instead, we can concentrate on events that arrived from close to the direction of the
beam. As shown in Fig. 3.3 and Fig. 3.5 the response of all HBA sub-stations is similar
for events arriving from the full-width-half-maximum (FWHM) of the main beam. We
selected three such events with more than four triggered stations and compared them to
simulations. All three events arrived from close to the north celestial pole.
For the comparison we employ the same method as described in Buitink et al. (2014).
Each event is characterized by its arrival direction (reconstructed from the arrival times of
the radio pulses) and energy (reconstructed from the particle detections). The CoREAS
(Huege et al. 2013) plugin of CORSIKA (Heck et al. 1998), employing QGSJETII.04
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(Ostapchenko 2006) as the hadronic interaction model, is used to generate radio emission
intensity patterns for the given input parameters. Due to shower-to-shower fluctuations the
generated pattern will be different for each simulated shower. The main factor determining
pattern differences is Xmax, the distribution of which depends on the type of the primary
particle. Thus, 25 showers are generated with a proton as the primary and 15 with an iron
nucleus using the energy estimate and arrival direction from the particle data as input.
The predicted radio intensity pattern for each shower is compared with the measured data.
Free parameters in this least-squares fit are the position of the shower axis and a single
scaling factor, compensating for the missing absolute calibration. The simulation with the
best matching pattern is selected as the comparison event.
The best fitting simulations for the three events are shown in Fig. 3.9. In the images
on the left-hand side, the interpolated total power from the simulation is given in the
background map. Overlaid are the measured data as circles. Where the colors match there
is an agreement in signal strength. The Cherenkov ring dominates the structure for all
events, which is clearly visible in both simulations and measurements.
The same can be seen in a projection of the signals as a function of distance to shower
axis as shown on the right-hand side of Fig. 3.9. This lateral distribution is dominated by
the amplified ring structure at distances of about 100 meters. These measurements confirm
the importance of the propagation of the radiation, which causes these relativistic time
compression of the measured emission, which itself is still dominated by the geomagnetic
effect (see Sect. 3.4.4).
3.5.3 Sensitivity of the Cherenkov ring to the depth of the shower
maximum
It was suggested in de Vries et al. (2013) that the radius of the Cherenkov ring is sensitive
to the depth of shower maximum Xmax. Experimentally, it has to be tested how precisely
the radius of the ring can be measured and what resolution this yields for Xmax.
The three events introduced above are used to determine the precision with which the
radius of the Cherenkov ring can be obtained. The ring size is defined as that distance
to the shower axis at which the pulse power reaches its maximum value. This distance of
the highest signal strength is obtained by fitting a Gaussian function to the distribution of
pulse power as function of distance to the shower axis.
When applying this method a number of uncertainties have to be taken into account.
The main contribution to the overall uncertainty is the uncertainty on the position of the
shower axis. Unless there is a complete fit of the signal distribution of the radio data
(Nelles et al. 2015b), the axis as obtained with the particle array has to be used. The array
delivers uncertainties on the axis position that vary from 5 meters to 30 meters and on the
arrival direction of about 1◦.
In order to account for these uncertainties, the signal strength as a function of distance
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Figure 3.9: Comparison of measurements and simulations for three air showers. Left:
signal distribution in the shower plane. The circles indicate the positions of all
measured signals from tiles operational at that moment. The background map
is the interpolated signal strength from the best fitting simulated CoREAS
shower. The integrated power from 110 − 190 MHz both for measurements
and simulations is encoded in color. The reference coordinate system is the
shower plane defined by the propagation velocity vector of the shower v and
magnetic field direction B. The shower axis is located at the plus sign. Right:
Corresponding integrated radio pulse power for simulation (blue squares) and
LOFAR HBA measurements (red circles) as a function of distance to shower
axis.
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Event Zenith angle [◦] Radius of ring [m]
1 43.4± 2.0 117.3± 4.7
2 34.9± 1.0 93.3± 2.1
3 40.5± 1.0 119.6± 22.1
Table 3.1: Shower parameters determining the measurement of Xmax. The angle is mea-
sured from zenith (upwards: 0◦) and reconstructed from radio data. The ar-
rival directions are compatible with the ones reconstructed from particle data.
The ring size is determined according to the procedure described in Sect. 3.5.3.
to the shower axis is recalculated 500 times for a shower axis that is varied within its uncer-
tainties. The resulting ring sizes obtained by fitting the Gaussian to the new distributions
are filled into a histogram. From this histogram the most probable value of the ring size
and the corresponding uncertainty can be obtained.
As can be seen in Fig. 3.9, the signal pattern is not completely axis-symmetric. This is
not taken into account, when using a one-dimensional fit to describe the whole distribution.
It seems, however, that the radius of the ring is sufficiently symmetric in the shower plane
to approximate this feature in one dimension, and thus a fit of a Gaussian function is chosen
to determine the ring size.
The parameters reconstructed from the radio pulse powers of the three example showers
are shown in Table. 3.1.
In de Vries et al. (2013) Xmax is calculated by fitting the following relation to a set
of air showers, simulated using the EVA code (Werner et al. 2012), with energies between
1017 − 1019 eV:
Xmax = a+ b · dmax. (3.3)
The parameters a and b are fitted constants and dmax denotes the radius of the ring.
In de Vries et al. (2013) the generated air showers are vertical and the configuration
of the magnetic field is different in both direction and strength from that at the central
site of LOFAR. This makes it necessary to redo the calculations to obtain a prediction for
the relation of the ring size to the depth of the shower maximum appropriate for LOFAR
observations. The same analysis for showers of a more typical arrival direction (θ = 45◦) in
the frequency range of 110− 190 MHz with the magnetic field configuration at the LOFAR
location, delivers the results shown in Fig. 3.10.
For vertical showers and frequencies below 200 MHz, de Vries et al. (2013) find a double-
peaked structure in the distribution of signal strengths, which complicates the usage of the
ring size as tracer of the shower maximum. For the magnetic field configuration of LOFAR
and the higher inclination angle this feature does however not occur. Therefore a linear
relation between ring size and shower maximum can still be used, as evidenced by Fig. 3.10.
For a perfectly measured radius of the ring a resolution of better than 25 g/cm2 is
achieved. Combining this uncertainty with the uncertainties for the reconstruction of the
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Figure 3.10: Distribution of ring sizes obtained from EVA simulations for different values
of the depth of the shower maximum. Air showers were simulated with
iron (blue squares) and proton primaries (red circles), a zenith angle of 45◦
and a random azimuth angle. The radio signals are filtered to match the
frequency range of the HBAs. The magnetic field configuration was the one
of the center of LOFAR. The depth of the shower maximum can be expressed
by a linear function of the ring size, which is indicated by the fit.
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Event Fit: Xmax [g/cm2] Sim: Xmax [g/cm2]
1 45◦ : 631± 85 675± 22
2 30◦ : 548± 58 643± 27
3 45◦ : 609± 156 671± 37
Table 3.2: The depth of the shower maximum Xmax as obtained for the example events.
The methods are using a parametrization for different zenith angles (Fit) or
dedicated individual simulations (Sim).
ring size, yields the results as shown in Table. 3.2. The results are compared to the best
fit obtained from CoREAS simulations, as described above.
This shows that there is, for the given three events, no statistically significant discrep-
ancy between the value for Xmax obtained with the two methods. However, the precision
obtained by directly comparing to simulations is much higher than the one from using
only the ring size. It should also be noted, that one cannot use the discrepancies between
the values to compare the two models (EVA and CoREAS), as two completely different
methods are applied to obtain Xmax.
There are a number of additional uncertainties that need to be considered when com-
paring the results. As shown in de Vries et al. (2013) the frequency range in which the
shower is measured has a strong effect on the location of the ring. As there is no full
antenna model to correct the HBA observations to a fully flat frequency spectrum, this
might bias the results. Also, the missing antenna correction influences the Xmax obtained
with direct comparison to simulations. In contrast to measurements with the low-band
antennas, the hardware response for the high-band antennas could not be included. It also
should be noted that there is no parametrization of the ring size as a function of zenith
angle yet and the events are approximated by the closest available set of simulations.
We show that the radius of the Cherenkov ring can be used with experimental data
as an indicator for the depth of the shower maximum. However, the obtainable accuracy
is far less than needed for a precise composition study. It is therefore necessary to use
more information than just the ring size. This information is available in the fact that the
distribution of the signal is a non-symmetric function of several shower parameters which
can be used by employing a more complex fitting procedure (Nelles et al. 2015b) or a direct
comparison to simulated showers (Buitink et al. 2014).
3.6 Conclusions and Outlook
The data of air showers collected with the LOFAR high-band antennas provide unprece-
dented detailed measurements of radio emission in the frequency range of 110− 230 MHz.
In standard observation mode, 155 cosmic rays were measured between October 2011 and
November 2013.
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The high-band antennas were designed to observe (astronomical) objects in pre-defined
directions. The effect of the analogue beamforming is difficult to remove completely for
cosmic-ray measurements. It influences the absolute calibration between groups of high-
band antennas and affects the shape of the pulses. This makes the high-band antennas a
less optimal tool than the low-band antennas. However, we show that it is worthwhile to
attempt a detailed correction of the hardware effects.
For the first time, we measure a dominant relativistic time compression of the radio
emission of air showers on a single-event basis in the frequency range of 110 − 190 MHz.
We show that it is possible to measure the radius of this Cherenkov ring with an accuracy
of better than 20 meters. This is sufficient to give an indication of the depth of shower
maximum. However, more complex procedures are needed to resolve the shower maximum
with the necessary accuracy for composition studies. Given that LOFAR is observing with
the high-band antennas roughly 50% of the time, reconstructing the HBA data to a better
quality will significantly increase the event statistics for composition studies at LOFAR.
Also, measuring the same air shower with both types of antennas is very promising. The
well-understood measurements with the low-band antennas could be extended to higher fre-
quencies to learn more about the emission mechanisms. The current measurements strongly
encourage to implement this mode of combined observation in the complete frequency range
from 10− 230 MHz in LOFAR.
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Abstract
Extensive air showers, induced by high energy cosmic rays impinging on the
Earth’s atmosphere, produce radio emission that is measured with the LOFAR
radio telescope. As the emission comes from a finite distance of a few kilome-
ters, the incident wavefront is non-planar. A spherical, conical or hyperbolic
shape of the wavefront has been proposed, but measurements of individual air
showers have been inconclusive so far. For a selected high-quality sample of 161
measured extensive air showers, we have reconstructed the wavefront by mea-
suring pulse arrival times to sub-nanosecond precision in 200 to 350 individual
antennas. For each measured air shower, we have fitted a conical, spherical, and
hyperboloid shape to the arrival times. The fit quality and a likelihood anal-
ysis show that a hyperboloid is the best parametrization. Using a non-planar
wavefront shape gives an improved angular resolution, when reconstructing the
shower arrival direction. Furthermore, a dependence of the wavefront shape on
the shower geometry can be seen. This suggests that it will be possible to use a
wavefront shape analysis to get an additional handle on the atmospheric depth
of the shower maximum, which is sensitive to the mass of the primary particle.
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4.1 Introduction
A high-energy cosmic ray that enters the atmosphere of the Earth will interact with a
nucleus of an atmospheric molecule. This interaction produces secondary particles, which
in turn interact, thereby creating a cascade of particles: an extensive air shower. The origin
of these cosmic rays and their mass composition are not fully known.
Due to the high incident energy of the cosmic ray, the bulk of the secondary particles
propagate downward with a high gamma factor. As this air shower passes through the
atmosphere and the Earth’s magnetic field, it emits radiation, which can be measured
by antennas on the ground in a broad range of radio frequencies (MHz – GHz) (Allan &
Jones 1966; Jelley et al. 1965; Falcke et al. 2005). For a review of recent developments
in the field see Huege (2013a). The measured radiation is the result of several emission
processes (Huege et al. 2013), and is further influenced by the propagation of the radiation
in the atmosphere with non-unity index of refraction (Werner et al. 2012). Dominant in the
frequency range considered in this study is the interaction in the geomagnetic field (Kahn
& Lerche 1966; Allan 1971; Falcke et al. 2005; Ardouin et al. 2009). An overview of the
current understanding of the detailed emission mechanisms can be found in Huege (2013b).
The radio signal reaches the ground as a coherent broadband pulse, with a duration
on the order of 10 to 100 ns (depending on the position in the air-shower geometry). As
the radio emission originates effectively from a few kilometers in altitude, the incident
wavefront as measured on the ground is non-planar. Geometrical considerations suggest
that the amount of curvature and the shape of the wavefront depend on the height of the
emission region, suggesting a relation to the depth of shower maximum, Xmax. The depth
of shower maximum is related to the primary particle type.
Assuming a point source would result in a spherical wavefront shape, which is used
for analysis of LOPES data (Nigl et al. 2008). It is argued in Schröder et al. (2011) that
the actual shape of the wavefront is not spherical, but rather conical, as the emission is
not point-like but stretched along the shower axis. In a recent further refinement of this
study, based on CoREAS simulations, evidence is found for a hyperbolic wavefront shape
(spherical near the shower axis, and conical further out) (Apel et al. 2014). Hints for this
shape are also found in the air-shower dataset collected by the LOPES experiment (Huege
et al. 2012b). However, due to high ambient noise levels, the timing precision of these
measurements did not allow for a distinction between spherical, hyperbolical and conical
shapes on a shower-by-shower basis, and only statistically was a hyperbolic wavefront shape
favored.
We use the LOFAR radio telescope (van Haarlem et al. 2013) to measure radio emission
from air showers, in order to measure wavefront shapes for individual showers. LOFAR
consists of an array of two types of antennas: the low-band antennas (LBA) sensitive to
frequencies in a bandwidth of 10− 90 MHz, and the high-band antennas (HBA) operating
in the 110 − 240 MHz range. While air showers have been measured in both frequency
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Figure 4.1: Layout of the innermost 8 stations of LOFAR. For each station the outer ring
of low band radio antennas (black plus symbols), used for the analysis in this
paper, are depicted. Located with the innermost six stations are the particle
detectors (grey squares) used to trigger on extensive air showers.
ranges (Schellart et al. 2013; Nelles et al. 2015a), this study only uses data gathered with
the 10 − 90 MHz low-band antennas. A combination of analog and digital filters limits
the effective bandwidth to 30 − 80 MHz which has the least amount of radio frequency
interference. For detecting cosmic rays we use the (most densely instrumented) inner
region of LOFAR, the layout of which is depicted in Fig. 4.1. LOFAR is equipped with
ring buffers (called Transient Buffer Boards) that can store the raw-voltage signals of each
antenna for up to 5 seconds. These are used for cosmic-ray observations as described in
Schellart et al. (2013).
Inside the inner core of LOFAR, which is a circular area of 320 m diameter, an array of
20 scintillator detectors (LORA) has been set up (Thoudam et al. 2014). This air-shower
array is used to trigger a read-out of the Transient Buffer Boards at the moment an air
shower is detected. The buffer boards provide a raw voltage time series for every antenna
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in a LOFAR station (a group of typically 96 LBA plus 48 HBA antennas that are processed
together in interferometric measurements), in which we identify and analyze the radio pulse
from an air shower. Analysis of the particle detections delivers basic air-shower parameters
such as the estimated position of the shower axis, energy, and arrival direction.
The high density of antennas of LOFAR, together with a high timing resolution (200 MHz
sampling rate) are especially favorable for measuring the wavefront shape.
4.2 Simplified model for the wavefront shape
Inspection of the pulse arrival times in our datasets (as explained in the following sections)
shows that while the shape at larger distances from the shower axis might be described
by a conical wavefront, in many measured air showers there is significant curvature near
the shower axis. A natural choice for a function of two parameters that describes this
behavior is a hyperbola. In Fig. 4.2 a toy model is sketched, where the wavefront is
formed by assuming the emission to be generated by a point source. At any given time,
during the emission generation, the source generates a spherical wavefront that expands
at the local speed of light c/n, where n is the local index of refraction. The point source
is moving at a velocity v > c/n, and emits radiation for a limited amount of time ∆t.
In real extensive air showers this corresponds to the duration in which the bulk of the
radiation is generated. The radiation is measured by an observer at a distance ∆x from
the point where the emission stopped. When this distance is small, ∆x/(v∆t) < 1, (top
left panel) the combined wavefront shape is approximately conical. Even so, unless the
distance to the last emission point is zero, a small curvature is visible near the shower
axis, the radius of curvature corresponding to the distance. When viewed at intermediate
distances, ∆x/(v∆t) ≈ 1, (top right panel), the opening angle of the conical part increases
and the curved part near the shower axis extends a bit further outward. This shape is
closely approximated by a hyperbola. Only when the distance to the last emission point
is very large compared to the duration of the emission times the local speed of light,
∆x/(v∆t) 1, is the wavefront shape approximately spherical. In this simplified picture,
with constant but non-unity index of refraction, the wavefront shape is thus hyperbolic for
most observer distances. We expect the general characteristics of this simplified model to
hold even for a realistic atmosphere where the refractive index changes with height as the
main criterion n > 1 still holds true.
Motivated by this toy model we therefore compare three parameterizations of the wave-
front shape: a sphere, a cone and a hyperboloid, and evaluate the quality of the fits to the
LOFAR measurements.
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Figure 4.2: Toy model motivating a hyperbolic wavefront shape. A point source moves
vertically at a velocity v > c/n and emits for a limited amount of time. The
solid horizontal line represents the ground plane. The generated wavefront is
observed as conical (top left panel) by an observer at small distances to the
point where the source stops emitting. Observers at intermediate distances
see a hyperbolic wavefront shape (top right panel). For observers at larger
distances the observed wavefront shape is closer to a sphere (bottom panel).
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4.3 Measurements
For this analysis we have used air-shower measurements with LOFAR accumulated between
June 2011 and November 2013. These consist of 2 to 5 milliseconds of raw voltage time
series for every antenna of the LOFAR core stations; we identify the air shower’s radio
pulse in every individual trace, and measure its strength and arrival time.
In order to have a dense, high-quality sampling of the radio wavefront, and a substantial
distance range of more than ∼ 150 m, we require an air shower to be detected in at least
four LOFAR core stations. Furthermore, the highest quality data are obtained with the
outer ring of low-band antennas, as its more sparse layout gives a more even distribution of
measurements over the area of interest. Therefore, the sample is restricted to this subset.
This leaves a total of 165 measured air showers. Of these 165, three fail calibration of time
differences between stations due to corrupted data (see Sect. 4.3.2) and one is unreliable
due to thunderstorm conditions (see Sect. 4.4.6). This leaves a total of 161 high quality
air-shower measurements for this analysis.
All measured air showers are processed by the standard cosmic-ray reconstruction soft-
ware as described in Schellart et al. (2013).
4.3.1 Pulse arrival times & uncertainties
The arrival time of the radio pulse in each dipole is determined using the raw-voltage traces.
We define the arrival time as the time of the pulse maximum in the amplitude (or Hilbert)
envelope of the analytic signal A(t):
A(t) =
√
x2(t) + xˆ2(t), (4.1)
where xˆ(t) is the Hilbert transform of the voltage-trace signal x(t), up-sampled by a factor
of 32. The Hilbert transform is defined by
F [xˆ(t)] (ω) = −i sgn(ω)F [x(t)] (ω), (4.2)
where F is the Fourier transform. This allows for arrival time measurements at a much
higher time resolution than suggested by the 200 MHz sampling rate (5 ns sampling period).
The attainable timing precision varies with the signal-to-noise ratio (S/N). Uncertain-
ties in the arrival time are assigned independently to each datapoint using the measured
S/N in amplitude following
σtmax =
12.65
S/N
ns. (4.3)
A similar relation was found in Schröder et al. (2012). The one used here is derived from
the data for each antenna, using a procedure as follows.
Uncertainties on the timing arise from distortions of the pulse shape due to fluctuations
in the background noise. These uncertainties on the timing can be determined from the
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amplitude data for each antenna. To quantify them, we first select a noise block outside of
the pulse region for each antenna and calculate the root-mean-square noise level N . We also
calculate the signal-to-noise ratio S/N of the pulse maximum (in amplitude). Subsequently
we add this noise to the data containing the pulse, and the pulse arrival time is calculated
using the procedure described above. This procedure is repeated 10 times, where at each
time the noise block is shifted by 100 ns. This gives 10 measurements of the pulse arrival
time. The standard deviation of this set for each antenna is a measure of the uncertainty
on the determination of the pulse arrival time. However, because this procedure effectively
reduces S/N by a factor of
√
2, pulses with a low S/N are no longer correctly identified.
Therefore, instead of assigning this uncertainty to the datapoint directly, we estimate the
uncertainties as a function of S/N by processing data for all antennas in the full air-shower
dataset. Uncertainty data points are binned with respect to S/N . The bin size is set
to 1.0 below S/N = 50 and to 10.0 above to ensure a sufficient number of points per
bin. To prevent outliers (due to accidental spike selection in some antennas) from heavily
influencing the results, the median and uncertainty on the median are calculated for any
given S/N bin. The result can be seen in Fig. 4.3.
One can see that the timing uncertainty is inversely proportional to the signal-to-noise
ratio. Fitting this relation gives the proportionality factor in Eq. (4.3), and we use this to
assign an uncertainty to the arrival time of the pulse maximum for each antenna depending
on its measured S/N.
4.3.2 Time differences between stations
For time calibration of individual antennas within one LOFAR station, we use standard
LOFAR calibration tables as described in Schellart et al. (2013). Since all LOFAR core
stations share a single clock these calibration solutions are stable over time. However,
before October 10th 2012 this common clock was only available for the innermost region
(consisting of 6 stations). Every other core station had its own clock, synchronized by
GPS1. Drifts of these clocks with respect to each other were on the order of 10 ns which is
large compared to the other timing uncertainties. Datasets taken before this date therefore
require a more involved calibration procedure described below.
Every air-shower raw voltage trace is only 2 ms long, and all measured air showers are
scattered over a 2-year timespan. Therefore, using dedicated calibration observations is not
feasible, as these are typically planned in advance and can take minutes to hours. Instead,
we make use of radio transmitter signals present in every dataset. These transmitters
emit continuous waves, measured at each antenna with a different phase. We use the
Fast Fourier Transform to calculate the phase per antenna and frequency channel. The
phase differences between antenna pairs can be used (directly) to monitor and correct for
1Global Positioning System
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Figure 4.3: Uncertainties on the determination of the pulse arrival time as a function of
signal to noise of the pulse amplitude. For each S/N bin (of width 1.0 for
S/N < 50 and width 10.0 for S/N ≥ 50) the circular dots give the median
value of the uncertainties. Error bars represent the standard error on the
median in each bin. The solid line represents the fitted relation; the lower
panel shows the residual to the fit.
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deviations from a trusted timing calibration; this technique was originally developed by
the LOPES experiment as demonstrated in Schroeder et al. (2010).
In addition to this, we make use of the (known) position of the transmitter in order
to predict the relative phases at every antenna pair (accounting for the geometric delays).
The difference in measured versus expected (relative) phase, averaged over each LOFAR
station, yields the inter-station clock calibration. It was found that higher-frequency signals
can be measured with better phase stability; the public radio transmitters at 88 to 94 MHz
are suitable for this purpose.
We use the (strongest) 88.0 MHz transmitter to fix the station’s clock offsets modulo
its period, 11.364 ns. The remaining ambiguity is resolved using trial and error in the
wavefront analysis, incrementally adding outer-core stations to the (already calibrated)
inner core data. As 11 ns is large compared to the expected wavefront arrival time delays
between stations, there is only one best-fitting solution.
Differences in filter characteristics or propagation effects between antennas in a station
are expected to average out over an entire station, leading to a calibration of the station
clock offsets to about 0.3 ns precision.
4.3.3 Shower parameters
An independent reconstruction of the shower is performed based on the detected particle
density in each scintillator detector, as described in Thoudam et al. (2014). This yields the
direction and location of the shower axis, as well as an energy estimate. However, these
reconstructed values are only reliable for a restricted parameter space; for example the
shower axis should fall inside the instrumented area. In order to retain a substantial set
of showers for this analysis, these cuts are not applied to the set of radio measurements.
Therefore, we do not have reliably reconstructed shower axis locations for all measured air
showers and the core positions are only used as initial estimates that are optimized later
(see Sect. 4.4.4). The reconstructed direction inferred from particle densities is however
independent of the quality of other reconstructed quantities.
4.4 Reconstructing the wavefront shape
From the arrival time of the pulse in different radio antennas, and the information from the
particle detector array, we find the shape of the wavefront using the following procedure.
4.4.1 Plane-wave approximation and curvature
We infer the general direction of the incoming pulse by obtaining the best-fitting plane
wave solution to the arrival times of the radio pulse:
c ti = Axi +Byi + C, (4.4)
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where ti and (xi, yi) are the arrival times and antenna positions respectively. This holds for
an antenna array for which all antennas lie in the same plane at constant z, which is true
for LOFAR’s inner core region. The fitted parameters A and B yield the azimuth angle φ
and zenith angle θ, from the relations
θ = arcsin
(√
A2 +B2
)
, (4.5)
φ = pi2 − arctan(B/A), (4.6)
where the angle from the arctangent is taken in the appropriate quadrant. The global offset
C is not used here. We can subtract the arrival times of the best-fitting plane wave from
the measured times. This gives the curvature of the wavefront with respect to the array
barycenter, defined as the average of the (x, y) coordinates for antennas with data.
4.4.2 Shower plane geometry
Given the shower axis position and direction, we can make a one-dimensional plot of the
wavefront as a function of the distance to the shower axis. This assumes axial symmetry of
the wavefront. In order to do this, all antenna positions are projected into the shower plane
(defined by the shower axis as its normal vector), see Fig. 4.4. A one-dimensional function
describing the wavefront curvature can then be fitted to the arrival times as a function of
distance to the shower axis.
The projection into the shower plane is (by definition) performed along lines parallel
to the shower axis. This is an approximation, as the true wavefront is not planar, but
has a small deviation angle α with respect to the shower plane. The angle may depend
on the distance to the shower axis but can generally, for large distances be taken close to
1 ◦. Projecting perpendicular to the true wavefront rather than the shower plane would
give, to first order in α, a correction to the projected distance to the shower axis r, of
∆r/r = tan(α) tan(θ). For zenith angles below 45 ◦, and for the longest distances in
our dataset of about 500 m, this could introduce a timing uncertainty (scatter) of at most
0.5 ns at the largest distances (or 0.3 ns for typical zenith angles around 30 degrees). This is
comparable to the calibration uncertainty between LOFAR station’s clocks (see Sect. 4.3.2).
A possible bias from an asymmetric antenna layout would be no larger than 2% on the
estimated angle α and would not change the best-fitted shape.
Therefore, for the purpose of this analysis we apply the shower-plane projection, noting
that in a detailed comparison with simulations, and for very large and/or inclined air
showers, a two-dimensional fitting procedure may be favored.
4.4.3 Fitting the wavefront shape
Various wavefront shapes have been proposed; we test a conical and spherical shape, such
as argued for in Schröder et al. (2011). We also test a hyperboloid; this is a natural function
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Figure 4.4: Geometry of the shower plane for a shower arriving from azimuth φ and
zenith angle θ. The direction of the shower plane is defined by its normal
vector nˆ. All antenna positions (xi, yi) are projected onto this plane giving
ri, the distance to the shower axis.
with 2 parameters that combines a curved shape for small distances, and a conical shape
for large distances.
The fit functions, for the arrival time differences with respect to a plane wave as a
function of distance to the shower axis, are those for a line (cone), a circle (sphere) and a
hyperbola (hyperboloid) respectively:
c tcon(r) = s r, (4.7)
c tsph(r) =
√
R2 + r2 −R, (4.8)
c thyp(r) = −a+
√
a2 + b2 r2, (4.9)
where s is the cone slope, R the radius of the sphere, and a and b are the parameters of
the hyperboloid. These three functions are fitted in a standard non-linear least squares
approach; the shower core x and y positions, needed to get the distance r, are used as free
parameters in the fit, as explained further in the next section. We keep for each fit type the
best fitting parameters as well as the fit quality, as measured by the unreduced χ2 value
χ2type =
Nantennas∑
i=0
(ttype(ri)− ti)2
σ2i
, (4.10)
where ti is the arrival time of the pulse maximum at antenna i corrected for the best fitting
plane wave solution and σi the corresponding uncertainty calculated using Eq. (4.3).
4.4.4 Considerations for fit stability
As the arrival time differences from a plane wave solution, and thus the shape of the
wavefront, are sensitive to the direction and location of the shower axis, we include these
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as free parameters in the fitting procedure. If the core position would be well known,
e.g. from signal amplitudes and/or comparison with simulations, each fit would have fewer
degrees of freedom. Therefore typically, comparing the fit qualities of each shape, we find
a lower bound to the differences with respect to the best fit.
To prevent the fit from becoming unstable or finding only local minima we choose a
nested approach. For every trial of the shower axis location, we optimize the direction; for
every trial of the direction, we calculate the best-fit curve parameters using a nonlinear
least-squares solver. Furthermore, to prevent the shower axis location search from getting
stuck in a local minimum it is first optimized on a 500 m by 500 m grid in steps of 100 m
and only in later iterations optimized further using a Nelder-Mead simplex optimization,
starting from the optimal grid position.
4.4.5 Including particle detector information
When optimizing the shower axis location, it might happen that the position is not well
constrained due to the geometric distribution of the measurements. Furthermore, fitting
a non-correct wavefront may also lead to an unphysical shower axis location. Typically
this takes the form of the shower axis location moving too far away from the measured
barycenter. The data from the particle detectors provide a further constraint on the shower
axis location. The lateral distribution of the signal (number of particles as a function of
distance to the shower axis) is well described by a Nishimura-Kamata-Greisen function
(NKG) (Kamata & Nishimura 1958; Greisen 1960) and will restrict the position of the
shower axis. Therefore, in the fit procedure we also re-fit the particle detector data using
an NKG-function and add the (unreduced) χ2 of this fit to the total χ2 to minimize. This
has a small influence when the shower axis location is within reasonable distances (due to
the much larger number of radio measurements) but starts to dominate when the shower
axis location moves to a position not supported by particle data. Note that the stored χ2type
of the optimal curve fit does not include the particle fit χ2.
4.4.6 Thunderstorm observations
It has been reported that measured radio signals of air showers are amplified during thun-
derstorm conditions, which is attributed to the acceleration of electrons and positron in the
electric fields (Buitink et al. 2007). In order to avoid a bias in the wavefront analysis, we
have excluded one air shower that was measured during thunderstorm conditions. As the
current dataset was taken without a local electric-field meter, the definition of thunderstorm
conditions is based on lightning detections as provided by the Royal Dutch Meteorological
Institute (Wessels 1998). This cut does not account for local electric fields that do not
manifest in lightning strikes. A local electric field meter is currently being installed at
LOFAR. Future analyses will investigate the effects of the local electric field on air-shower
radio emission in more detail.
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Figure 4.5: Relative arrival times for an example air shower measured with the LOFAR
low band antennas. Circles indicate LBA antenna positions and their color
corresponds to the measured pulse delay with respect to the best fitting plane
wave solution. The shower axis (as determined from the particle detector
data) is indicated by the blue line corresponding to the azimuthal arrival
direction and cross where it intersects the ground.
4.5 Results
An example shower is shown in Fig. 4.5. This plot shows the layout of the LOFAR low-
band antennas in the inner-core region. The colors show deviations from the best-fitting
plane-wave solution, increasing outward from the center of the array.
4.5.1 Wavefront shape
The resulting best fitting wavefront shapes are given in Fig. 4.6a, Fig. 4.6b and Fig. 4.6c
for a hyperbolic, conical and spherical wavefront, respectively.
The wavefront shape of this air shower is best fitted by a hyperbola due to significant
curvature near the shower axis. The shower core position, left as free parameters in the
fitting procedure, is significantly different for the three fits, as shown in Fig. 4.7. Fig. 4.8
shows the χ2/ndf values obtained for all showers. From these distributions it is not imme-
diately evident which wavefront shape (if any) is favored. However, these distributions do
not reflect the often significant differences in fit quality for a single shower. Furthermore,
even if the wavefront shape were always hyperbolic one would still expect to see shapes
that appear conical or spherical for individual showers depending on the shower geometry
and the part of the shower front that is sampled by the detector.
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(a) Hyperbolic fit
10
15
20
25
30
35
40
45
Ar
riv
al
 ti
m
e 
in
 s
ho
w
er
 p
la
ne
 [n
s]
χ2 /ndf =2171/275
 (r=r100), t=6.15±0.036r
0 100 200 300 400 500
Distance from axis [m]
8
6
4
2
0
2
4
6
8
∆
t/
σ
(b) Conical fit
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(c) Spherical fit
Figure 4.6: The arrival time differences from a plane wave as a function of distance to the
shower axis with the best fitting shape solutions. A hyperbolic (top), conical
(bottom left) and spherical (bottom right) fit has been applied, respectively.
Each plot shows the arrival times as a function of the distance to the shower
axis (top panel) and deviations from the best fit scaled to the uncertainty for
each datapoint (bottom panel). Note that the shower core position is a free
parameter in each fit, therefore the positions of the data points on the x-axis
differ between fits (see Fig. 4.7), as is in particular evident for the spherical
fit.
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Figure 4.7: Fitted shower core positions for the shower in Fig. 4.6, for the different wave-
front shapes. Note that the core position determined by the LORA particle
detector array is not reliable for this particular air shower since it is located
at the edge (or even outside) of the instrumented area.
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Figure 4.8: Fit quality for a hyperbolic (top), conical (middle) and spherical (bottom)
wavefront shape.
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In order to check which wavefront shape is favored by the overall dataset we perform a
likelihood ratio test. The test statistic for the conical case is:
D = −2 ln(likelihood hyperbolic)ln(likelihood conical) (4.11)
=
N∑
k
χ2con − χ2hyp (4.12)
where the sum k is over all N showers. For an appropriate choice of parameters the
hyperbolic function can turn into either a conical or a spherical function. Thus, the solution
space of the spherical and conical fit functions are subsets of the solution space of the
hyperbolic fit. Therefore (if the fit converged correctly) the hyperbolic fit will always have
a lower χ2/ndf value, even when the wavefront shape is intrinsically spherical or conical.
Under the null hypothesis that the wavefront shape is intrinsically conical (or spherical)
the test statistic D should follow a χ2(N) distribution. For large N , the χ2(N) distribution
approximates a Gaussian with mean N and standard deviation
√
2N  D−N . From the
data we obtain the value D = 6309. The probability for this value to occur if the shape
is conical is effectively zero, p  10−9, as the D-value is very far out of the distribution
range.
There are two possible reasons for obtaining a higher value. Either the timing uncer-
tainties are underestimated or the wavefront shape is generally not conical. Given the
obtained reduced χ2 values of the hyperbolic fit, averaging to 1.98, it is unlikely that the
uncertainties are underestimated by more than a factor ∼ 1.5. This is not enough by far
to explain the measured value of the test statistic. Therefore we reject the null hypothesis
that the wavefront shape is conical. Using the same procedure we also reject a spheri-
cal wavefront shape, with D = 16927 and correspondingly an even (much) lower p-value.
Moreover, the lack of overall structure in the residuals of the hyperbolic fits (at our timing
precision) argues against a more complicated wavefront shape. Therefore we conclude that
the wavefront shape is hyperbolic. Furthermore, we do not see any evidence for a deviation
from rotational symmetry (around the shower axis). So this is either not present, or is not
resolvable with the current timing resolution.
4.5.2 Direction reconstruction
Comparing the reconstruction of the shower axis direction for the best fitting hyperbolic
wavefront to the planar wavefront solution, in the top panel of Fig. 4.9, we see that the
latter deviates by up to ∼ 1 ◦. Therefore, using a non-planar wavefront shape leads to an
improvement in reconstruction precision of the air-shower direction.
As can be seen from the bottom panel in Fig. 4.9 however, the exact shape of the
non-planar wavefront is less important. The difference between the reconstructed direction
using a conical or hyperbolic wavefront shape is typically less than 0.1 ◦. Since a conical
fit contains one less free parameter this may be more practical in reconstruction software.
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However, a planar fit does not depend on the position of the shower axis or the exact shape
of the wavefront and is thereby more robust and more suitable for standard reconstruction
software when higher precision is not required.
4.5.3 Correlations with air-shower parameters
From Schröder et al. (2011) it is expected that the shape of the radio wavefront depends on
air-shower parameters and the distance to the shower maximum in particular. Since, for
a shower with the same Xmax the distance to shower maximum increases with increasing
zenith angle (θ), the shape of the radio wavefront is also expected to depend on the zenith
angle. This can be seen in Fig. 4.2 where the radius of curvature of the inner part, its
extent and the slope of the conical part are all expected to depend on the distance to the
last emission point. This in turn would depend on Xmax.
Similar to Schröder et al. (2011), we can take e.g. the time lag of the radio wavefront at
r = 100 m, with respect to the arrival time of the emission along the shower axis (r = 0). It
is not possible to use the hyperbola parameter b (the slope of the asymptote) directly, as in
some cases the asymptotic regime is (far) outside the data range. Fig. 4.10 shows the time
lag at r = 100 m as a function of zenith angle. We find a weak correlation with a Pearson
correlation coefficient of −0.32. The probability of obtaining this value for uncorrelated
data is 4 · 10−5.
To give an order of magnitude of the angular deviation between the measured wavefront
and the shower plane, we can use t100 to get
α = c t100100 m , (4.13)
which is on average 0.11 rad = 0.63 ◦. As the hyperbola becomes steeper further out, we
could also use t250 instead (still inside the data range), which would give on average 0.94 ◦.
These numbers agree qualitatively with the average deviation angle from a plane of 0.83 ◦
found by Schröder et al. (2011). The small angle of less than one degree explains why
precise timing is required in order to measure the wavefront shapes.
In practice however, it appears to be difficult to use wavefront timing by itself to de-
termine (the distance to) Xmax. This is due to the strong interdependency of the shower
axis position and the exact shape of the wavefront. While the wavefront shape remains hy-
perbolic when moving the shower axis location around, the curvature near the axis as well
as the slope further out change. Therefore it is best to combine timing information with
other information available on the shower. This information may come from the particle
detectors, or from the radio data in the form of the intensity pattern at ground level. It
has already been shown that the radio intensity pattern itself is highly sensitive to Xmax
(Buitink et al. 2013). Combining this technique with timing information will improve the
precision of these measurements.
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Figure 4.9: Angular difference between reconstructed shower axis direction for three
wavefront shape assumptions. Assuming a planar wavefront shape typically
introduces an error in the direction of up to ∼ 1 ◦, when the shape is in
fact hyperbolic (top plot). The differences in reconstructed direction between
a conical and hyperbolic wavefront shape are approximately a factor of ten
smaller (bottom plot).
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Figure 4.10: Time lag of the radio wavefront at r = 100 m, with respect to the arrival
time of the emission along the shower axis (r = 0), as a function of zenith
angle. Arrival times are obtained by evaluating the best fitting hyperbolic
fit at r = 100 m. Uncertainties on t100 represent one standard deviation of
the scatter around the best fitting hyperbolic fit over the full range of r,
which are typically a factor ∼ 1.5 larger than the timing uncertainty for
individual antennas.
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4.6 Conclusions
We have shown that the wavefront of the radio emission in extensive air showers is measured
to a high precision (better than 1 ns for each antenna) with the LOFAR radio telescope.
The shape of the wavefront is best parametrized as a hyperboloid, curved near the shower
axis and approximately conical further out. A hyperbolic shape fits significantly better
than the previously proposed spherical and conical shapes.
Reconstruction of the shower geometry using a hyperbolic wavefront yields a more
precise determination of the the shower direction, and an independent measurement of
the core position. Assuming the resulting reconstructed direction has no systematic bias,
the angular resolution improves from ∼ 1 ◦ (planar wavefront) to ∼ 0.1 ◦ (hyperbolic).
This assumption will be tested in a future simulation study. This improvement will be
of particular importance for radio Xmax measurements for highly inclined showers where
small deviations in arrival angle correspond to large differences in the slanted atmospheric
depth.
The high antenna density and high timing resolution of LOFAR offer a unique oppor-
tunity for a detailed comparison with full Monte Carlo air-shower simulations, including
the arrival time measurements presented here. Furthermore, efforts to integrate timing in-
formation within the Xmax measurement technique from Buitink et al. (2013) are currently
ongoing.
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Chapter5
Polarized radio emission from
extensive air showers measured with
LOFAR
P. Schellart, et al. LOFAR Key Science Project Cosmic Rays
Journal of Cosmology and Astroparticle Physics, 10, 14 (2014)
Abstract
We present LOFAR measurements of radio emission from extensive air showers.
We find that this emission is strongly polarized, with a median degree of polar-
ization of nearly 99%, and that the angle between the polarization direction of
the electric field and the Lorentz force acting on the particles, depends on the
observer location in the shower plane. This can be understood as a superposi-
tion of the radially polarized charge-excess emission mechanism, first proposed
by Askaryan and the geomagnetic emission mechanism proposed by Kahn and
Lerche. We calculate the relative strengths of both contributions, as quantified
by the charge-excess fraction, for 163 individual air showers. We find that the
measured charge-excess fraction is higher for air showers arriving from closer
to the zenith. Furthermore, the measured charge-excess fraction also increases
with increasing observer distance from the air-shower symmetry axis. The mea-
sured values range from (3.3 ± 1.0)% for very inclined air showers at 25 m to
(20.3 ± 1.3)% for almost vertical showers at 225 m. Both dependencies are in
qualitative agreement with theoretical predictions.
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5.1 Introduction
Cosmic rays impinging on the Earth’s atmosphere induce showers of secondary particles.
The motions of electrons and positrons in the electromagnetic part of the shower produce
radio emission. Such radio emission, in the form of strong coherent nanosecond timescale
pulses, has been detected (Jelley et al. 1965; Allan & Jones 1966; Falcke et al. 2005) and
studied by several experiments (Huege et al. 2012b; Ardouin et al. 2005; Kelley et al.
2011). It is now generally assumed that two mechanisms are principally responsible for the
emission measured at MHz frequencies.
The dominant contribution to the radio emission is geomagnetic in origin (Kahn &
Lerche 1966; Allan 1971; Falcke & Gorham 2003; Falcke et al. 2005; Ardouin et al. 2009).
Electrons and positrons in the shower are accelerated in opposite directions by the Lorentz
force exerted by the Earth’s magnetic field. The radio emission generated in this manner
is linearly polarized in the direction of the Lorentz force eˆ~v× ~B. Here ~v is the propagation
velocity vector of the shower and ~B represents the Earth’s magnetic field.
A secondary contribution to the radio emission results from the net excess of electrons
at the front of the shower (Askaryan 1962). This excess is built up from electrons that are
knocked out of atmospheric molecules by interactions with shower particles and by a net
depletion of positrons due to annihilation. This charge-excess contribution to the emission
is also linearly polarized, but now radially with respect to the shower axis.
The resulting emission measured at ground level is the coherent sum of both compo-
nents. Interference between these components may be constructive or destructive, depend-
ing on the position of the observer relative to the shower. Furthermore, the emission is
strongly beamed in the forward direction due to the relativistic velocities of the particles.
Additionally, the emission propagates through the atmosphere, which has a non-unity in-
dex of refraction that changes with height. This gives rise to relativistic time-compression
effects most prominently resulting in a ring of amplified emission around the Cherenkov
angle (de Vries et al. 2011). These time compression effects do not influence the polariza-
tion of the emission (de Vries et al. 2013), but do contribute to the highly asymmetric total
intensity pattern measured on the ground (Huege et al. 2013).
Recently, advances in simulations of air-shower radio emission have converged to similar
results (Huege et al. 2012a). Moreover, it has been demonstrated that such simulations
accurately predict the complex emission pattern and can be used to derive air-shower
parameters (Buitink et al. 2013). This reflects the fact that the emission mechanisms are
now well incorporated in them (James et al. 2011). However, most models describe the
emission at a microscopic level by calculating the contributions of each particle, in a full
CORSIKA (Heck et al. 1998) or AIRES (Sciutto 1999) shower simulation (Huege et al. 2013;
Alvarez-Muñiz et al. 2012a; Marin & Revenu 2012). This makes it difficult to disentangle
the precise contributions of the geomagnetic and charge-excess components.
It is important to stress here that a separation into macroscopic emission mechanisms
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is not necessary for a correct modeling of the emission (the charge-excess and geomag-
netic effects are both captured by the distributions and motions of the simulated charged
particles). However, a description in the form of macroscopic emission mechanisms can con-
tribute to a better physical understanding of the conditions within an air shower (Werner
et al. 2012; Alvarez-Muñiz et al. 2014).
In de Vries et al. (2013), it is predicted that the relative contributions of the charge-
excess and geomagnetic components fall off differently with increasing opening angle from
the emission maximum. This is perceived as an increase of the charge-excess fraction (the
ratio between the strengths of both contributions to the total electric field) with increasing
radial distance from the shower axis. Moreover, for air showers arriving at larger zenith
angles the bulk of the emission is generated further away from the observer and thus
the same distance to the shower axis corresponds to a smaller opening angle (where the
charge-excess fraction is lower). Therefore the charge-excess fraction should also decrease
with increasing zenith angle.
An experimental indication of the presence of the charge-excess component was found
by the CODALEMA experiment as a shift of the radio signal maximum with respect to the
particle core (Marin 2011). A measurement of a radially polarized emission component,
consistent with that produced by the charge-excess mechanism, was obtained by the Auger
Engineering Radio Array (AERA). This contribution was further quantified for their specific
sample of air showers, giving an average strength of (14±2)% in amplitude when compared
to the geomagnetic contribution (Aab et al. 2014). However, these measurements have a
large antenna spacing and thus sample the radio emission of each shower only at a limited
number of locations. This limits testing of the predicted dependence of the charge-excess
fraction on the distance from the shower axis and the arrival direction of the shower.
Here we present high antenna density measurements of polarized radio emission from air
showers with the LOFAR radio telescope. The instrumental setup is described in Sect. 5.2.
The measurements and data reduction techniques are described in Sect. 5.3 and Sect. 5.4.
Sect. 5.5 describes the analysis procedure followed by a discussion of statistical and system-
atic uncertainties in Sect. 5.6. Results are presented in Sect. 5.7, and the article concludes
in Sect. 5.8.
5.2 Instrumental setup
The Low Frequency Array (LOFAR; van Haarlem et al. 2013), is a digital radio telescope,
observing in the frequency range 10 − 240 MHz. It was designed as a flexible instrument,
capable of carrying out multiple modes of observation simultaneously. One of these modes
is the measurement of radio emission from extensive air showers (Schellart et al. 2013).
For this purpose LOFAR is equipped with ring buffers, that store the raw voltage traces
of each individual antenna in the array for up to 5 s. When a trigger is received the ring
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buffers are frozen and their contents copied over the network to a central storage location.
This trigger can either be generated by inspecting the signal with the on-board FPGA1 or
received over the network from an external source.
For the purpose of cosmic-ray measurements a trigger is currently generated by a ded-
icated particle detector array. The LOFAR Radboud Air shower Array (LORA; Thoudam
et al. 2014), consists of 20 scintillator detectors. A trigger is sent to LOFAR when an air
shower is detected with an energy exceeding E & 2 · 1016 eV. The corresponding radio
emission for showers of this energy is at the lower limit of detectability by LOFAR for
favorable shower geometries.
The particle detector array is located in the core of LOFAR. Here, the highest density
of radio antennas is found, which makes the setup ideal for cosmic-ray detections. LOFAR
consists of two types of antennas, the Low Band Antennas (LBAs) covering the frequency
range 10−90 MHz and the High Band Antennas (HBAs) for 110−240 MHz (excluding the
highly polluted 90 − 110 MHz commercial FM-radio band). Radio emission from cosmic
rays has been measured in both frequency bands (Schellart et al. 2013; Nelles et al. 2015a).
The analysis presented here focusses on the LBA measurements.
Each LBA consists of two inverted V-shaped dipoles labeled X and Y. These are aligned
along the southwest to northeast and southeast to northwest direction respectively. They
are grouped into stations, which in the core consist of 96 antennas each. Due to signal path
limitations, only half of these antennas can be active during any given observation and,
usually either the inner circle or the outer ring is selected. The ∼ 2 km radius LOFAR core
consists of 24 such stations with the highest density offered by the six stations located in
a 350 m diameter region. An overview of the layout of all stations used in this analysis is
given in Fig. 5.1.
5.3 Measurements
For this analysis, data collected with the outer rings of low-band antennas between June
2011 and January 2014 are used. The inner rings of low-band antennas are excluded for this
analysis as crosstalk effects are present in some of the more closely spaced antennas, which
are currently not included in the antenna simulations needed for polarization analysis. All
data corresponding to a LORA trigger are stored together for oﬄine analysis and constitute
an event.
In the oﬄine analysis these data are processed per station as described in Schellart et al.
(2013). The most important steps, for polarization analysis, are briefly summarized here.
First radio frequency interference (RFI) is identified and removed. Thereafter the re-
ceived power in each dipole, outside of the cosmic-ray signal, is dominated by Galactic
emission. This is used to perform a relative gain calibration between all dipoles, indepen-
1Field Programmable Gate Array.
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Figure 5.1: Layout of the LOFAR stations used for this analysis. The black plus symbols
represent the outer rings of low-band-antennas. The grey boxes represent the
LORA particle detectors.
dently for the X and Y dipoles. An absolute calibration is currently not yet available at
LOFAR.
An initial estimate for the arrival direction of the air shower is given by the particle
detector array. The predicted geometric signal arrival time delays for this direction are
used to coherently add the signals from all dipoles in one station, thus forming a beam
in this direction. This increases the signal-to-noise ratio for a cosmic-ray signal from that
direction by approximately a factor of seven. When a pulse is found with a signal-to-noise
ratio exceeding three the station is marked for further processing.
In the next processing step the arrival direction of the air shower is reconstructed from
a plane wave fit to the arrival times of the pulse maxima (defined as the maximum of its
Hilbert envelope). In this analysis only air showers where four or more stations have a
successful direction reconstruction are included.
There are 206 air showers that meet this criterium. An overview of their reconstructed
arrival directions is given in Fig. 5.2. As can be seen in this figure, the arrival directions of
the measured air showers are not isotropically distributed. This is a well known selection
effect caused by the dependence of the dominant geomagnetic emission component on
the geomagnetic angle α between the arrival direction of the air shower and the Earth’s
magnetic field (Wilson & Wouthuysen 1971; Ardouin et al. 2009; Schellart et al. 2013).
This makes showers arriving at greater geomagnetic angles easier to detect and hence more
numerous in a given sample.
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Figure 5.2: Reconstructed arrival directions for all air showers used in this analysis
(squares). Also indicated (cross) is the direction of the magnetic field (18.6µT
North, 45.6µT downward) at LOFAR. Azimuth is measured northwards from
East.
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Figure 5.3: On-sky polarization coordinate frame (eˆθ, eˆφ, −eˆ~v). Also depicted is the
(north, east, zenith) coordinate frame corresponding to the x, y and z-axis,
respectively. Furthermore the dipole antennas X and Y are shown (projected
onto the ground plane).
Of these 206 showers a further 18 are excluded from this analysis, because they are
likely influenced by thunderstorm conditions. These are defined by lightning strikes being
recorded by the Royal Netherlands Meteorological Institute (KNMI) within two hours of the
event in the vicinity of the LOFAR core. Five events do not coincide with a thunderstorm
but show a similar polarization pattern and are also excluded. An additional 18 events
were too weak to get a reliable estimate of the shower core position (see Sect. 5.4.1). Two
additional events were excluded because the polarization reconstruction failed for a single
station. This leaves a total of 163 air showers used for this analysis, for which the emission
reaching the ground is sampled at between 192 and 528 distinct locations.
5.4 Reconstructing polarized radio emission
Using the reconstructed direction of the air shower, the full time traces measured by the
X and Y dipoles are combined, while correcting for their frequency-dependent complex
gain (Schellart et al. 2013). These gains are obtained from antenna simulations and are
calculated for a plane wave, arriving from direction −eˆv, where ~v is the propagation velocity
vector of the air shower, and polarized along eˆθ or eˆφ as defined in Fig. 5.3. The resulting
combined signals are thus the electric field components along eˆθ and eˆφ.
For the present analysis these are subsequently projected, following Fig. 5.4, onto the
eˆ~v× ~B and eˆ~v×~v× ~B directions. Here ~B again represents the geomagnetic field.
Note that for this procedure it is assumed that the emission has no component along
the propagation direction eˆv (Schellart et al. 2013).
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Figure 5.4: The natural coordinate frame for air-shower polarization measurements is
given by the unit vectors eˆ~v, eˆ~v× ~B and eˆ~v×~v× ~B. The polarization components
of the emission as reconstructed by the antenna model eˆθ, eˆφ are transformed
to this frame by simple rotation around the shower axis.
5.4.1 Observer positions in the shower plane
Given a position for the shower core and arrival direction, the antenna positions can be
projected onto the shower plane as given by Fig. 5.5. Here each antenna i is represented
by the polar coordinates φ′i measured from the eˆ~v× ~B axis (positive in the direction of the
eˆ~v×~v× ~B axis), and r′i the distance from the shower axis.
While the particle detector array offers an initial estimate of the core position this is not
reliable when the shower core is not contained within the particle detector array, as is often
the case for the measured air showers. Therefore, the shower core position is determined
by fitting a two-dimensional lateral distribution function to the integrated pulse power of
the radio signal, following the procedure described in Nelles et al. (2015b). This provides
the core position with an estimated statistical uncertainty of ∼ 15 m.
The arrival direction is the average of those obtained per station. This has an estimated
statistical uncertainty of ∼ 1◦. A better angular resolution of ∼ 0.1◦ can be obtained by
fitting a hyperbolic wavefront to the arrival times at the antennas for all stations (Corstanje
et al. 2015), however this is not needed for the current analysis.
5.4.2 Stokes parameters
Due to the expected elliptically polarized nature of the received signal (Schoorlemmer
2008) it is difficult to directly compare the electric field amplitudes in both polarization
components. A better approach is to use time integrated quantities such as the Stokes
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Figure 5.5: Geometry of the shower plane for a shower arriving with azimuth and zenith
angles φ and θ respectively. The direction of the shower plane is defined by
its normal vector eˆv. All antenna positions (xi, yi) are projected onto this
plane giving ri, the distance to the shower axis and φ′ the angle with the
eˆ~v× ~B direction. Note that the direction of eˆ~v× ~B in this figure is chosen for
clarity in display and does not accurately reflect the direction of the magnetic
field at LOFAR.
parameters (Jackson 1975):
I = 1
n
n−1∑
i=0
(E2
i,~v× ~B + Eˆ
2
i,~v× ~B + E
2
i,~v×~v× ~B + Eˆ
2
i,~v×~v× ~B), (5.1)
Q = 1
n
n−1∑
i=0
(E2
i,~v× ~B + Eˆ
2
i,~v× ~B − E2i,~v×~v× ~B − Eˆ2i,~v×~v× ~B), (5.2)
U = 2
n
n−1∑
i=0
(Ei,~v× ~BEi,~v×~v× ~B + Eˆi,~v× ~BEˆi,~v×~v× ~B), (5.3)
V = 2
n
n−1∑
i=0
(Eˆi,~v× ~BEi,~v×~v× ~B − Ei,~v× ~BEˆi,~v×~v× ~B). (5.4)
The integration is performed over n = 5 samples, of 5 ns each, centered around the pulse
maximum. Here Ei,j is sample i of the j−th electric field component and Eˆi,j its Hilbert
transform.
For an elliptically polarized signal one can calculate from the Stokes parameters the
angle that the semi-major axis of the polarization ellipse makes with the eˆ~v× ~B axis
ψ = 12 tan
−1
(
U
Q
)
. (5.5)
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Additionally the degree of polarization is calculated which is defined to be the fraction of
the power in the polarized component of the wave
p =
√
Q2 + U2 + V 2
I
. (5.6)
5.5 Determining the contributions of the emission mech-
anisms
Following Aab et al. (2014) the expected electric field at any given time t can be written
as
~E(t) = ~EG(t) + ~EC(t)
= (| ~EG(t)|+ | ~EC(t)| cosφ′)eˆ~v× ~B+
(| ~EC(t)| sinφ′)eˆ~v×~v× ~B.
(5.7)
Here ~EG(t) is the electric field produced by the geomagnetic contribution that is purely po-
larized along the direction of the Lorentz force, and ~EC(t) the radial electric field, produced
by charge-excess. The charge-excess fraction is then defined as
a ≡ sinα |EC||EG| , (5.8)
where |EC| is the amplitude of the electric field produced by charge-excess when the total
electric field vector amplitude reaches its maximum value.
The sinα factor, with α the angle between the magnetic field ~B and the propagation
direction of the shower ~v, reflects the known dependence of the geomagnetic contribution.
Thus, the electric field at the time of the pulse maximum can be written as
~E = |EG|
[(
1 + asinα cosφ
′
)
eˆ~v× ~B +
(
a
sinα sinφ
′
)
eˆ~v×~v× ~B
]
. (5.9)
Therefore, the expected angle that the electric field vector at the time of the pulse maximum
makes with the eˆ~v× ~B axis is given by
ψ′ = tan−1
(
sinφ′
sinα
a
+ cosφ′
)
. (5.10)
This angle is equal to the angle of the semi major axis ψ′ = ψ of the polarization ellipse.
Thus, the charge-excess fraction, a, can be determined by fitting Eq. (5.10) to ψ as a
function of azimuthal angle φ′ in the shower plane.
5.6 Uncertainties
When determining the charge-excess fraction by fitting Eq. (5.10) to data, three main
factors contribute to the uncertainty. These are background noise, through ψ, and the
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uncertainties on the reconstructed position and arrival direction of the air shower, through
φ′, ψ and α. Here the statistical and systematic uncertainties associated with these contri-
butions are discussed and quantified.
5.6.1 Statistical uncertainty on the angle of polarization
Both direction dependent effects and background noise contribute to the uncertainty on
the angle of polarization ψ.
Any uncertainty on the direction of the shower axis translates into an uncertainty on the
Stokes parameters through the combination of the measured signals in both dipoles in the
antenna model. In order to estimate the uncertainty on ψ due to this effect a Monte Carlo
procedure is employed. In this procedure the Stokes parameters and ψ are determined
200 times for each event while picking a random direction and core position from within
the 1◦ and 15 m uncertainties respectively. The spread (standard deviation) of the thus
determined distribution of ψ gives the uncertainty due to the directional dependence σψ,d.
A second contribution to the total uncertainty on ψ results from the influence of back-
ground noise. An uncertainty σψ,n is assigned to each measurement based on the relation
σψ,n =
0.37
S/N
(5.11)
where S/N is the signal-to-noise ratio defined as
S/N =
√
Ps
Pn
(5.12)
with Ps the total integrated power contained in the pulse and Pn the total integrated power
in a noise window (scaled to the same duration).
To derive this relation a similar Monte Carlo procedure is used. For 200 trials per event
the Stokes parameters and ψ are determined after adding background noise to the signal.
The spread on the thus determined distribution of ψ gives the uncertainty resulting from
noise σψ,n.
However, because this Monte Carlo procedure lowers the signal-to-noise ratio before
calculating the Stokes parameters, the resulting uncertainty contribution is overestimated
(it is the contribution for S/(
√
2N) instead of S/N) and cannot be assigned to the measure-
ment directly. Therefore, as a first step σψ,n is calculated for all measurements and plotted
as a function of the actual S/N (corrected by a factor
√
2 to account for the addition of
noise) in Fig. 5.6. In order to minimize the influence of outliers the median is calculated
for each S/N bin. The bin size is 0.2 below S/N = 5 and increases to 1 and 5 for higher
signal-to-noise ratios to ensure a sufficient number of measurements per bin. As can be
seen, the uncertainty is inversely proportional to the signal-to-noise ratio and fitting for
the proportionality constant gives Eq. (5.11).
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Figure 5.6: Uncertainty contribution to the polarization angle due to background noise
as a function of signal-to-noise ratio (as defined by Eq. (5.6.1)).
The total uncertainty on ψ is now given by
σψ = σψ,d + σψ,n. (5.13)
Because the uncertainties are in principle correlated, they are combined linearly which
corresponds to the most conservative case of maximum correlation.
5.6.2 Statistical uncertainty on the charge-excess fraction
As discussed in Sect. 5.6.1 the uncertainty on the polarization angle ψ is caused by two
effects. The influence of noise, and the propagation of the uncertainties on the arrival
direction and core position of the shower through the antenna model. The uncertainty on
ψ propagates into the uncertainty on the charge-excess fraction a, determined by fitting
Eq. (5.10), as σa,ψ which is readily available from the covariance matrix of the fit. However
there is a second effect. Any uncertainty on the core position and arrival direction of the
shower also introduces an uncertainty on the azimuth of the observer position in the shower
plane φ′. This effect can be particularly strong for antennas close to the shower axis and
needs to be taken into account in the uncertainty on a. In addition the geomagnetic angle
α also changes for different arrival directions and hence is affected by any uncertainty on
the reconstruction which propagates into a through Eq. (5.10).
In order to estimate the uncertainty on the charge-excess fraction determined from a
fit of Eq. (5.10) to a set of points (ψi, φ′i) a Monte Carlo procedure was employed. At each
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step, j, a core position and arrival direction were selected randomly within their respective
uncertainties around the measured value giving φ′i,j and αj. Subsequently a was determined
by fitting Eq. (5.10) with fixed weights 1/σψ from Eq. (5.13). This procedure was repeated
200 times. The standard deviation of the thus determined distribution of a is taken to
be the uncertainty contribution σa,φ′,α of the uncertainties on core position and arrival
direction through φ′ and α to a.
The total uncertainty on a is found by adding the two contributions
σa = σa,ψ + σa,φ′,α. (5.14)
As in Eq. (5.13), the combination is done linearly.
5.6.3 Systematic uncertainties
The charge-excess fraction, a, is determined by fitting Eq. (5.10) to the measured angle of
polarization ψ as a function of angle in the shower plane φ′. For the typically small values
(a ≈ 0.11) found in measurements (see Sect. 5.7.1), ψ varies approximately sinusoidally
and a is related to the amplitude of the variation. Thus, any bias on ψ that simply acts to
rotate the measured polarization vector equally for all antennas should not influence a.
Such a bias on ψ might be the result of inaccuracies in the antenna model. Given that the
antenna model gives an excellent agreement between LOFAR data and the intensity pattern
predicted by air-shower simulations (see Buitink et al. 2013) we expect that this effect will
be small. Nevertheless, the influence on ψ can be quantified by adding a global offset, ∆ψ, as
an additional free parameter to Eq. (5.10). It was found that ∆ψ ≈ −0.6◦±2.6◦ on average,
with the higher values obtained for showers where the φ′ coverage is less uniform, and that
the measured value of a is not significantly altered by including ∆ψ for all air showers in
this analysis. Because the deviation from a plane wavefront is small, approximately 1◦ at
a distance of 250 m from the shower axis (Corstanje et al. 2015), and hence all antennas
are ‘seeing’ the shower from the same direction (with the same antenna gain), we do not
expect any dependence of ψ on φ′ to result from the antenna model.
A second possible bias on ψ may occur when the levels of background noise in the
reconstructed polarization components, ~E~v× ~B and ~E~v×~v× ~B, are not equal (Schoorlemmer
2008). While this in principle can be corrected for by subtracting the Stokes parameters
calculated on background noise alone before calculating the angle of polarization, this has
the downside of increasing the statistical uncertainty. For this reason it was opted to not
correct for the systematic effect and instead minimize its influence by choosing a narrow
25 ns pulse window.
To quantify the remaining systematic contribution to the measured charge-excess frac-
tion the following procedure was followed. From an existing set of air-shower simulations
generated with the CoREAS (Huege et al. 2013) plugin to CORSIKA (Heck et al. 1998) a
single radio pulse was arbitrarily selected. This pulse was subsequently aligned with eˆ~v× ~B
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and hence ψ = 0 by construction. For each measured air shower and each antenna the noise
levels in the two reconstructed polarization components were determined in an off-pulse
data block. Gaussian noise was then added to the simulated pulse consistent with the
measured noise level difference. The polarization angle ψ was determined for each antenna
and the charge-excess, a, was found by fitting Eq. (5.10). The median value of the thus
determined systematic uncertainty on a is very small 0.001 and can for most purposes be
neglected.
Thus, in absence of any obvious systematic effects on ψ that also depend on φ′ we
expect systematic effects on a to be low, and certainly not more than ∼ 10%.
5.7 Results
Since we expect the air-shower signal to be completely polarized, the degree of polarization
should be close to unity. The distribution of p for all measured showers can be seen in
the top panel of Fig. 5.7. With a degree of polarization of 97.3%, 98.9% and 99.6% in
the 25%, 50% (median) and 75% quartiles respectively, the air-shower signal is strongly
polarized. For those cases where the ratio is less than unity the difference is expected to
be caused by the unpolarized background noise. This can be seen in the bottom panel
of Fig. 5.7 where the degree of polarization approaches unity for antennas with a high
measured signal-to-noise ratio.
An instructive way to represent the polarization information is in the form of the po-
larization footprint of the shower as given in Fig. 5.8 for an example event. Here, the angle
and degree of polarization are depicted as arrows for each antenna position projected in
the shower plane. As expected for geomagnetically dominated emission, the arrows are
roughly aligned along the eˆ~v× ~B direction. However, a small deviation from this direction
can be seen. This deviation is interpreted as being due to the charge-excess component
and causes the arrows to point upward or downward, above or below the projected shower
core.
5.7.1 Measurement of the radially polarized emission component
In the presence of a radially polarized emission component, with strength a/ sinα relative
to the geomagnetic component, we expect that the angle of polarization depends on the
observer location in the shower plane according to Eq. (5.10). In Fig. 5.9 this dependence
can clearly be seen for two measured air showers.
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Figure 5.7: Number of antennas showing a degree of polarization of p where p has been
binned in intervals of 0.01 for all measured air showers (top panel) and p as a
function of the signal-to-noise ratio (bottom panel). The signal-to-noise ratio
is defined as in Eq. (5.6.1).
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Figure 5.8: Polarization footprint of a single air shower, as recorded with the LOFAR
low-band antennas, projected onto the shower plane. Each arrow represents
the electric field measured by one antenna. The direction of the arrow is
defined by the polarization angle ψ with the eˆ~v× ~B axis and its length is
proportional to the degree of polarization p. The shower axis is located at
the origin (indicated by the black dot). The median uncertainty on the angle
of polarization is 4◦ and the value for each antenna is indicated by the grey
arrows in the background. Except for a few antennas in the lower left station
they are mostly small, indicating that the pattern is not the result of a random
fluctuation.
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Figure 5.9: Polarization angle ψ as a function of azimuth in the shower plane φ′ for
two individual air showers measured with the LOFAR low-band antennas at
10−90 MHz (circles). Uncertainties on the polarization angle ψ are calculated
as discussed in Sect. 5.6.1 and, uncertainties on the charge-excess fraction a
are determined as described in Sect. 5.6.2. The solid line represents Eq. (5.10)
for the best fitting value of the charge-excess fraction a. In the top panel two
antennas are excluded from the fit (open squares), since their signals deviate
by more than 10σi from the best fit of Eq. (5.10) in the first iteration. At
maximum two percent of the antennas are allowed to be excluded.
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Figure 5.10: Distribution of the charge-excess fraction, a, as determined from individual
air-shower measurements binned in intervals of 0.01 for all measured air
showers.
In order to minimize the influence of background noise only antennas with a measured
signal-to-noise ratio exceeding three (in electric field amplitude) are included. Furthermore,
a minimum of 48 antennas (one full station) are required to ensure a stable fit result. The
distribution of the best fitting values for the charge-excess fractions of all 138 events sur-
viving these cuts can be seen in Fig. 5.10. These fits give an average charge-excess fraction
of (11± 4)% for our sample, where the uncertainty reflects the spread of the distribution.
This measured presence of a radially polarized emission component is consistent with that
produced by the charge-excess mechanism. The uncertainty on the individual values of a
are determined as described in Sect. 5.6.2 and their distribution is plotted in Fig. 5.11.
The fit quality, as parameterized by χ2r = χ2/dof, is given in Fig. 5.12. The overall fit
quality is reasonably good χ2r = 1.9± 0.7 on average. However, theory predicts additional
dependencies on the distance to the shower axis as well as the shower arrival direction (de
Vries et al. 2013), these are not taken into account at this stage, which will necessarily
lead to suboptimal fit results. For the same reason it is important to note that any quoted
average charge-excess value will only apply to the specific set of showers for which it was
measured. So while this analysis confirms that there is a radially polarized emission com-
ponent, the average value itself has no meaning outside this sample. In the next section
these dependencies are further investigated.
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Figure 5.11: Distribution of the uncertainty on the charge-excess fraction, σa, for indi-
vidual air-shower measurements binned in intervals of 0.005 for all measured
air showers.
5.7.2 Checking for additional dependencies on the geomagnetic
angle
It is important to note that Eq. (5.8) assumes that the charge-excess fraction a only depends
on the angle α, that the propagation axis of the shower makes with the geomagnetic field,
through the strength of the geomagnetic contribution which is proportional to sinα. This
assumption can now be checked by looking for an additional dependence of a to α in
Fig. 5.13, where the charge-excess fraction is plotted as a function of α. We see no evidence
for such a dependence. Note that the scatter of the points is greater than their uncertainties
suggest. This indicates an additional dependence, that does not scale with the geomagnetic
angle, which is almost certainly due to a dependence of the charge-excess fraction on the
shower arrival direction and the distance to the shower axis. This additional dependence
cannot be determined on a single air-shower basis due to the limited number of data points
available after radial and angular binning (see Sect. 5.7.3).
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Figure 5.12: Distribution of the fit quality, as parameterized by the reduced χ2 value,
obtained when fitting the charge-excess fraction for individual air showers
binned in intervals of 0.2 for all measured air showers.
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Figure 5.13: Charge-excess fraction, a, as a function of the geomagnetic angle α. Uncer-
tainties are calculated as discussed in Sect. 5.6.2.
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Table 5.1: Charge-excess fraction as a function of the distance from the shower axis for
three different zenith angle bins. Uncertainties are calculated as discussed in
Sect. 5.6.2.
Charge-excess fraction (a)
r′ θ = [0◦, 20◦) θ = [20◦, 40◦) θ = [40◦, 60◦)
0− 50 m (8.1± 2.1)% (6.6± 0.8)% (3.3± 1.0)%
50− 100 m (13.6± 0.6)% (10.9± 0.3)% (5.4± 0.5)%
100− 150 m (16.4± 0.9)% (12.7± 0.3)% (9.0± 0.6)%
150− 200 m (18.2± 0.8)% (14.9± 0.3)% (9.9± 0.6)%
200− 250 m (20.3± 1.3)% (15.9± 0.5)% (9.6± 0.8)%
5.7.3 Dependence on shower arrival direction and radial distance
to the shower axis
To verify the qualitative behavior predicted in de Vries et al. (2013), an increase of the
charge-excess fraction with increasing radial distance from the shower axis and decreasing
zenith angle, all measured showers are combined in a single analysis. This gives a set of
data points ψi(φ′i, r′i, αi, θi) where αi and θi are the geomagnetic angle and zenith angle
of the corresponding air shower respectively. Subsequently these are grouped into radial
distance bins of 50 m and zenith angle bins of 20◦. For each group, a was reconstructed by
fitting Eq. (5.10) simultaneously to all ψi values contained in it.
The result can be seen in Table. 5.1 and in Fig. 5.14. The uncertainty on a is determined
as described in Sect. 5.6.2.
Both the predicted increase with increasing radial distance, as well as the decrease with
increasing zenith angle, can clearly be seen in Fig. 5.14. Note however that the specific
values obtained, and listed in Table. 5.1, still depend on the event set due to shower-to-
shower fluctuations.
5.8 Discussion and conclusions
Polarized radio emission from a sample of 163 air showers measured with the LOFAR radio
telescope has been analyzed.
In total 18 air showers where excluded from this analysis due to coinciding thunderstorm
activity. The strong atmospheric electric fields present during thunderstorms are expected
to significantly affect the charged particle distributions and therefore the polarization of the
emission (Buitink et al. 2007, 2010). This effect will be investigated in a future publication.
The measured emission is strongly polarized, with a median degree of polarization of
nearly 99%. Because the geomagnetic and charge-excess emission are linearly polarized in
different directions, their relative contributions can be determined by polarization analysis.
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Figure 5.14: Charge-excess fraction as a function of distance from the shower axis for
three different zenith angle bins. Uncertainties are calculated as discussed
in Sect. 5.6.2.
In all measured air showers the geomagnetic emission mechanism clearly dominates the
polarization pattern. However, a sub-dominant charge-excess component can also be seen,
varying in strength between showers.
The relative strength of both contributions is quantified by the charge-excess fraction
(Schoorlemmer 2008; Aab et al. 2014). We find that the measured charge-excess fraction
is higher for air showers arriving from closer to the zenith. Furthermore, the measured
charge-excess fraction also increases with increasing observer distance from the air-shower
symmetry axis. The measured values range from (3.3± 1.0)% for very inclined air showers
at 25 m to (20.3 ± 1.3)% for almost vertical showers at 225 m. Both dependencies are in
qualitative agreement with theoretical predictions.
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Abstract
We present measurements of radio emission from cosmic-ray air showers that
took place during thunderstorms. The intensity and polarization patterns of
these air showers are radically different from those measured during fair-weather
conditions. Using a simple two-layer model for the atmospheric electric field,
these patterns can be well reproduced by state of the art simulation codes. This
in turn provides a novel way to study atmospheric electric fields.
One of the important open questions in atmospheric physics concerns the physical
mechanism that initiates lightning in thunderclouds (Dwyer & Uman 2014). Crucial to
the answer is knowledge of atmospheric electric fields. Existing in situ measurements, from
balloons or airplanes, are limited due to the violent nature of thunderstorms. Furthermore,
they inherently measure only the field in a small fraction of the cloud. Here we present a
new method to probe atmospheric electric fields through their influence on the pattern of
polarized radio emission emitted by cosmic-ray induced extensive air showers.
The main mechanism for driving radio-wave emission from air showers is that the rela-
tivistic electrons and positrons in the electromagnetic part of the shower are accelerated in
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opposite directions by the Lorentz force exerted by the Earth’s magnetic field. This pro-
duces a short, nanosecond timescale, coherent pulse of radio emission mostly at megahertz
frequencies. The emission generated by this geomagnetic mechanism is unidirectionally
polarized in the eˆ~v× ~B direction. Here ~v is the propagation velocity vector of the shower
and ~B represents the Earth’s magnetic field (Kahn & Lerche 1966; Allan 1971; Falcke &
Gorham 2003; Falcke et al. 2005; Ardouin et al. 2009).
A secondary emission mechanism, contributing between ∼ 3−20% to the signal am-
plitude depending on distance to the shower axis and the arrival direction of the shower
(Schoorlemmer 2008; Aab et al. 2014; Schellart et al. 2014), results from a negative charge
excess in the shower front. This consists of electrons knocked out of air molecules by the
air shower. This also produces a short radio pulse but now polarized radially with respect
to the shower symmetry axis (Askaryan 1962).
The emission from both processes is strongly beamed in the forward direction, due
to the relativistic velocities of the particles. Additionally, the non unity refractive index
of the air causes relativistic time-compression effects leading to enhanced emission from
parts of the shower seen at the Cherenkov angle (de Vries et al. 2011; Nelles et al. 2015a).
Interference between the differently polarized emission from both components leads to a
complex and highly asymmetric intensity pattern (de Vries et al. 2010). In contrast, time
compression effects do not alter the direction of the polarization vector of the emission.
The polarization pattern of the radio emission thus points predominantly in the eˆ~v× ~B di-
rection with a minor radial deviation. Strong atmospheric electric fields will influence the
motions of the electrons and positrons in air showers. This is expected to be visible in the
polarization patterns of the recorded emission (Buitink et al. 2010). Therefore we analyze
air showers recorded during thunderstorms.
Data for this analysis were recorded with the low-band, 10−90 MHz, dual-polarized
crossed dipole antennas located in the inner, ∼ 2 km radius, core of the LOFAR radio
telescope (van Haarlem et al. 2013). These antennas are grouped into circular stations
which act as dishes for standard interferometric astronomical observations. For the purpose
of air-shower measurements, all antennas are equipped with ring buffers that can store up
to 5 s of raw voltage data sampled every 5 ns. A dedicated scintillator array, LORA, is
located at the center of LOFAR to provide an independent trigger whenever an air shower
with an estimated primary energy of ≥ 2 ·1016 eV is detected (Thoudam et al. 2014). When
a trigger is received, 2 ms of raw voltage data around the trigger time are stored for every
active antenna.
These data are processed in an oﬄine analysis (Schellart et al. 2013) from which a num-
ber of physical parameters are extracted and stored. These include the estimated energy
of the air shower (as reconstructed from the particle detector data), the arrival direction of
the air shower (as reconstructed from the arrival times of the radio pulses in all antennas),
and for each antenna polarization information in the form of the Stokes parameters: I
(intensity), Q, U and V. The orientation of the polarization vector is reconstructed from
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Stokes Q and U (Schellart et al. 2014).
Over the period between June 2011 and September 2014, LOFAR has recorded a total
of 762 air showers. The complex intensity pattern on the ground of almost all measured
showers can be well reproduced by state of the art air-shower simulation codes (Buitink
et al. 2014). These codes augment well tested Monte Carlo air-shower simulations with
radio emission calculated from first principles at the microscopic level (Huege et al. 2013;
Alvarez-Muñiz et al. 2012a). In this analysis we use the CoREAS plugin of CORSIKA
(Heck et al. 1998) with QGSJETII (Ostapchenko 2006) and FLUKA (Battistoni et al.
2007) as the hadronic interaction models. It was found previously that the exact shape of
the pattern depends on the atmospheric depth of shower maximum, Xmax, and that the
absolute field strength scales with the energy of the primary particle.
The radio footprints of 58 of the 762 air showers are very different from those predicted
by simulations. Of these, 27 air showers have a measured signal-to-noise ratio below ten
in amplitude — too low to get a reliable reconstruction. The polarization patterns of the
other 31 showers differ significantly from those of ‘normal’ fair-weather air showers. This
can be seen in the middle and bottom panels of Fig. 6.1 where the polarization direction
is clearly coherent (i.e. non random) over all antennas but no longer in the expected
eˆ~v× ~B direction. In addition, the intensity pattern of some of these showers shows a ring
structure centered at the shower axis. This ring pattern cannot be fit by ’normal’ fair-
weather simulations that all show a bean shaped pattern at low 10−90 MHz frequencies
(Buitink et al. 2014; Nelles et al. 2015b). Twenty of these showers occur within two hours
of lightning strikes recorded within ∼ 150 km distance from LOFAR by the Royal Dutch
Meteorological Institute (KNMI). Given the similarity of the polarization patterns of the
remaining showers where no lightning strikes were measured, it is plausible that at these
times the atmospheric electric field was also strong albeit not strong enough to initiate
lightning. An electric field meter has since been installed at LOFAR that will provide
independent verification for future measurements.
For the shower in the middle panel of Fig. 6.1, recorded during thunderstorm conditions,
the pattern is uni-directional for the entire footprint. A second more complicated type is
depicted in the bottom panel. Here the pattern is more ‘wavy’. The analysis presented
here focusses on an air shower of the first type where also a strong signal is measured by
the LORA particle detectors.
We propose that the influence of atmospheric electric fields on air-shower radio emission
can be understood in the following way.
The electric field, in the region of the cloud traversed by the air shower, can be de-
composed into components perpendicular, ~E⊥, and parallel, ~E‖, to the shower symmetry
axis. The perpendicular component of the field will not affect the number of particles but
instead changes the net transverse force acting on the particles
~F = q( ~E⊥ + ~v × ~B). (6.1)
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Figure 6.1: Reconstructed polarization in the shower plane for three measured air show-
ers.
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This changes both the magnitude and the polarization of the radiation which follows ~F .
Depending on the polarity of the parallel component of the electric field either the elec-
trons or the positrons get accelerated and as a consequence their number increases. These
extra particles are lower in energy than the shower particles and lag behind the shower
front. Thus, the emission produced by them is no longer coherent for frequencies above
10 MHz and does not significantly increase the observed emission intensity. For this reason
the perpendicular component of the electric field determines the measured intensity and
polarization direction.
In order to test this hypothesis, atmospheric electric fields were inserted into CoREAS
air-shower simulations. By comparing fields acting purely parallel and purely perpendicular
to the shower axis it was found that the effect of ~E⊥ on the radio emission is much stronger
and will dominate in most shower configurations where both components are present.
Having understood the basic effects of atmospheric electric fields on air-shower radio
emission we proceed with a full reconstruction of LOFAR measurements. We follow the
method developed by Buitink et al. (2014) to fit CoREAS simulations to LOFAR measure-
ments. An atmospheric electric field is inserted into the simulations with the perpendicular
component chosen such that the net force is in the measured average polarization direction
(as indicated in the middle panel of Fig. 6.1). The parallel component is set to zero since
its influence on the received radiation intensity and polarization pattern is negligible.
The simplest electric field configuration that can reproduce the main features both in
the measured intensity and polarization patterns is composed of two electric field layers.
The first layer starts at a height h1 above the ground and extends down to a height h2 at
which the direction of the net force changes by 180◦ and the field strength decreases. Two
layers are needed because with one layer the ring structure seen in the measurements is not
reproducible.
In Fig. 6.2 the reconstruction is shown for the air shower for which the polarization
pattern is depicted in the middle panel of Fig. 6.1. The reconstruction is optimal for
h1 = 8 km, h2 = 2.9 km and | ~E2|/| ~E1| = 0.53. For these values χ2/ndf = 3.2 for a joined fit
to both the radio and particle data. A perfect fit of χ2/ndf ≈ 1, as is often found for fair-
weather showers, is likely not attainable with a simplified electric field model. However, all
the main features of the intensity and polarization pattern (namely the overall polarization
direction and ring structure) are already correctly reproduced.
The fit quality is sensitive to changes in the relative field strength and h2 as well asXmax.
This can be seen in Fig. 6.3, where each parameter is varied while keeping the others at their
optimum values. This fixing is not possible for Xmax in CORSIKA, therefore simulations
were selected where Xmax varied by no more than 20 g cm−2. The fit quality reaches its
optimum value for h1 = 8 km and is not sensitive to a further increase. This is expected
because above this altitude the air shower is not yet fully developed and there are relatively
few particles contributing to the emission.
The energy of the air shower is derived from the particle density on the ground, as
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Figure 6.2: Intensity pattern for an air shower measured during a thunderstorm in the
shower plane (circles, top panel) and as a function of distance to the shower
axis (circles, bottom panel). The best fitting CoREAS simulation is shown in
the background and as squares respectively. Where the colors of the circles
match the background a good fit is achieved.
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Figure 6.3: Sensitivity of the fit quality to variations in the atmospheric depth of shower
maximum Xmax (left panel), the relative field strength (middle panel) and
the field reversal altitude h2 (right panel). The optimal proton simulation is
the same for all plots.
measured by LORA, combined with the information on Xmax, as determined from the radio
fit. For fair-weather air showers the measured radio intensity is related to the simulated
values through a constant scaling factor (Buitink et al. 2014) given the energy of the
primary. For the air shower measured during thunderstorm conditions the predicted radio
intensity lies below the measured value. However, the absolute electric field strength also
influences the radio intensity. The intensity increases until the atmospheric electric field
strength reaches | ~E2| ≥ 50 kV m−1. When the field strength is increased further the radio
intensity stays constant. This saturation of the radio intensity appears to be related to the
coherent nature of the emission but is still under investigation.
Measuring radio emission from cosmic-ray extensive air showers during thunderstorm
conditions thus provides a unique new tool to probe the atmospheric electric fields present
in thunderclouds. Unlimited by violent wind conditions and sensitive to a large fraction
of the cloud this technique may help answer the long standing question “how is lighting
initiated in thunderclouds?” It has been suggested by Gurevich et al. (1999) that cosmic-
ray induced air showers in combination with runaway breakdown may initiate lightning.
If this is indeed true then LOFAR with its combination of particle detectors and radio
antennas is well positioned to measure it.
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Summary & Conclusions
Cosmic rays are mysterious particles. Even now, more than 100 years after they were first
discovered, we still don’t fully understand their origin or their precise nature at all energies.
Where are they created and how are they accelerated? What masses do they have? All
these questions still remain to be answered. The answers to these questions are also likely
related. If cosmic rays at ∼ 1020 eV are protons then we might be able to trace their origin
back to possible sources such as Centaurus A, a relatively nearby active galaxy containing
an accreting supermassive black hole. If they are Iron nuclei this becomes more difficult, if
not impossible. At slightly more modest energies between ∼ 1016 − 1018 eV a transition is
expected between galactic and extragalactic sources. But where exactly does this transition
take place? For the answer to all these questions measurements of cosmic-ray properties
such as energy, mass and arrival direction are needed.
Cosmic rays of energies exceeding ∼ 1015 eV are measured through the extensive air
showers they initiate as they interact with the Earth’s atmosphere. Measurements of the
mass of the cosmic ray are particularly challenging for air-shower experiments as masses
of individual cosmic rays cannot be reconstructed. Instead, the cosmic-ray mass content is
derived on average from a large sample of measured air showers. This is a time consuming
process, because the number of cosmic rays arriving per unit of area and time decreases
rapidly with increasing energy. Measurements of fluorescence light emitted by atmospheric
molecules excited by the air-shower particles offers the highest precision in reconstructing
the main mass sensitive parameter of an air shower, Xmax, the depth in the atmosphere
where the shower reaches its maximum number of particles. Unfortunately it also has a
low duty cycle (∼ 20%), only capable of observing on cloudless moonless nights. Unlike
fluorescence light, radio emission suffers little to no attenuation in the atmosphere and
easily travels through clouds. This offers a much higher duty cycle near 100%. Therefore,
if radio emission can be used to reconstruct properties of the air shower, the large sample
of air-shower measurements required to derive cosmic-ray composition can be accumulated
up to a factor of ∼ 5 faster with an experiment covering the same area.
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In order to prove that properties of air showers can be reconstructed from the radio
emission emitted by them, detailed measurements are first needed. The work presented in
this thesis covers virtually all aspects of measurements performed with the LOFAR radio
telescope.
Since June 6th 2011, the day that LOFAR started taking cosmic-ray radio emission mea-
surements, a total of 1258 air showers have been successfully reconstructed. At first limited
by the typical technical issues that tend to plague any innovative experiment, cosmic-ray
measurements are now running smoothly in the background of other astronomical obser-
vations. These measurements have been proven to be immensely valuable, due to the high
radio antenna density offered by LOFAR, which is unique amongst cosmic-ray radio exper-
iments. This antenna density has turned out to be vital because of the complexity of the
radio emission pattern.
Air showers, particle cascades initiated by cosmic rays interacting with the Earth’s at-
mosphere, produce radio emission in two processes. Electrons and positrons in the shower
are deflected in opposite directions by the Earth’s magnetic field. This generates a radio
pulse several nanoseconds in duration. The pulse produced by this geomagnetic emission
mechanism is polarized, that is the electric field vector points, in the direction of the Lorentz
force exerted on the particles. If the emission was only the result of this mechanism, the
intensity and polarization patterns measured on the ground would be relatively simple.
However, there is also a secondary emission mechanism at work. An excess of negative
charge builds up at the front of the air shower, composed of electrons knocked out of at-
mospheric molecules. This charge-excess also produces a radio pulse, of similar length, but
since the charge distribution is now symmetric around the shower axis the polarization of
the emission is radial with respect to this axis. Interference between these two components
leads to a more complex intensity and polarization pattern. Furthermore, the emission from
both processes does not propagate in vacuum, but rather in air which has a refractive index
that depends on density. In combination with the relativistic velocities of the air-shower
particles this leads to time compression effects which amplify the emission measured at
certain positions on the ground.
Chapter 2 lays the foundation upon which all later cosmic-ray measurements with LO-
FAR rest. As part of this work a fully automated detection, calibration and analysis
pipeline was developed.
LOFAR consists of two types of radio antennas, the low-band-antennas (LBAs) are
optimized for the frequency range 10 − 90 MHz. These antennas are the workhorse for
cosmic-ray radio observations. Analysis of the 405 air showers measured with these an-
tennas in the first two years of operation demonstrated the capabilities of LOFAR as a
cosmic-ray experiment.
In contrast to the 10 − 90 MHz frequency range, the 110 − 190 MHz frequency range
probed by the LOFAR high-band-antennas (HBAs) has been mostly left unexplored by
cosmic-ray experiments. Although more complex and less suited for cosmic-ray measure-
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ments than the LBAs, cosmic-ray measurements with the HBAs are possible. Moreover,
due to the nature of the parallel observations at LOFAR a large body of data was available.
Chapter 3 describes the unique challenges involved with these measurements and how they
are overcome to give the first high quality measurements of the radio pattern at these
frequencies on a single air-shower basis.
Relativistic time compression effects are expected to be especially visible at frequencies
above ∼ 100 MHz. This was confirmed by the LOFAR measurements which show a clear
Cherenkov ring of amplified emission. The radius of this ring can be measured with an
accuracy of better than 20 meters. In a theoretical work by de Vries et al. (2013) it was
shown that the radius of the ring is related to Xmax. Following their parameterization for
this relation, the accuracy with which Xmax could be reconstructed from the ring radius
measurements, 58 g cm−1 at best, is not good enough for mass composition studies. But
it does provide a quick estimate that can be used as the starting point for more involved
analyses, reducing the required compute time.
Because the radio emission from air showers originates from a finite distance to the ob-
server and because the air shower is not a point source, the wavefront is not flat. Chapter 4
presents precise measurements of the arrival time of air-shower radio pulses. Three possible
shapes for the wavefront shape have been proposed: a cone, a sphere and a hyperboloid.
A hyperboloid shape was found to be significantly the best fit. By using this more accu-
rate knowledge of the wavefront shape a higher precision, ∼ 0.1◦, can be reached in the
reconstruction of the cosmic-rays arrival direction.
More information about the emission processes lies hidden in the polarization signa-
ture of the radiation. In Chapter 5 this information is exploited to derive the relative
contribution of the charge-excess mechanism to the total signal. The geomagnetic and
charge-excess emission mechanisms were also predicted to differ in the falloff of the signal
amplitude with opening angle from the shower axis. This should manifest itself on the
ground as an increase of the charge-excess fraction (the relative amount of the total signal
amplitude caused by the charge-excess effect) with increasing distance from the shower axis
and decreasing zenith angle of arriving showers. The high antenna density of LOFAR was
once again crucial in confirming this dependence. The measured values of the charge-excess
contribution range from (3.3± 1.0)% for very inclined showers at 25 m to (20.3± 1.3)% for
near vertical showers at 225 m. These measurements have also shown that it is incorrect
to assume one single value for the charge-excess contribution in air-shower radio emission
analyses and simulations, since the actual value depends on both the observer position
relative to the shower and on shower-to-shower fluctuations.
In a separate work, based on the measurements presented in this thesis, it has been
shown that the complex radio intensity pattern from air showers measured by LOFAR can
be well predicted by air-shower simulation codes. When the model predictions are fit to
the measurements the fit quality is near perfect with χ2/ndf ≈ 1. The most important
parameter determining the fit quality is Xmax. By comparing the fit quality of a range of
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models Xmax can be reconstructed to a precision better than 20 g cm−2. This is comparable
to that of the best measurement techniques currently used, which are based on optical
fluorescence detection.
These reconstructions only fail when strong electric fields are present during thunder-
storm conditions. Air showers affected by strong atmospheric electric fields were found to be
easily identified by their distinctly different polarization patterns. For cosmic-ray compo-
sition measurements these air showers can simply be excluded. But the high quality of the
radio emission simulation predictions also offers a new use of these data. Chapter 6 demon-
strates that LOFAR measurements of polarized radio emission from air showers recorded
during thunderstorm conditions can be used to derive information about the atmospheric
electric fields through which the shower passed. This new remote sensing technique may in
the future help to answer one of the main questions that are puzzling atmospheric scientists:
“How is lighting initiated within thunderclouds?”. Perhaps cosmic-ray induced air showers
themselves can even trigger lightning. If this is the case, cosmic-ray radio experiments are
well suited to find out.
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Samenvatting
De Aarde ondergaat een continu bombardement van straling vanuit de ruimte. Dit ontdekte
de Oostenrijker Victor Hess in 1912, een ontdekking waarvoor hij later de Nobelprijs heeft
gekregen. Deze straling noemde hij Höhenstrahlung ofwel hoogtestraling. Tegenwoordig
noemen wij dit kosmische straling.
Kosmische straling bestaat uit deeltjes die zich met wijd uiteenlopende snelheden en
daaraan gerelateerde energieën voortbewegen door het Universum. In de astrodeeltjesfy-
sica, de tak van de natuur- en sterrenkunde die zich bezighoud met het bestuderen van
kosmische straling, wordt voor energie de eenheid elektronvolt (eV) gebruikt. Eén elek-
tronvolt is de hoeveelheid energie die een elektron wint wanneer het versneld wordt door
een elektrisch potentiaalverschil van één Volt. Als we de waargenomen deeltjes ordenen aan
de hand van hun energie dan zien we dat het aantal deeltjes snel afneemt met toenemende
energie. Dit vormt een experimenteel probleem voor het onderzoeken van kosmische stra-
ling met energieën hoger dan ongeveer 1015 eV (één biljard elektronvolt) waar het aantal
deeltjes per vierkante meter onder de één per jaar duikt. Waar het op lagere energieën
mogelijk is om de deeltjes direct waar te nemen met behulp van meetapparatuur aan boord
van satellieten en ballonnen is dit bij hogere energieën niet meer praktisch haalbaar. Het
zijn juist deze deeltjes, met energieën ver oplopend tot ongeveer 1020 eV, die erg interessant
zijn. Hiervan weten we namelijk nog niet zeker wat voor soort deeltjes het zijn, waar ze
vandaan komen en hoe ze hun energie hebben verkregen.
Deze vragen zijn ook aan elkaar gerelateerd. Als kosmische straling rond de 1020 eV
bestaat uit protonen dan is het misschien mogelijk om hun oorsprong te traceren naar
mogelijke bronnen zoals Centaurus A, een relatief dichtbij staand actief sterrenstelsel met
in het centrum een superzwaar zwart gat dat continu massa ‘opzuigt’. Als de kosmische
straling bij deze energie echter voornamelijk bestaat uit ijzerkernen dan wordt dit moei-
lijker zo niet onmogelijk omdat deze sterk afgebogen worden door magneetvelden op hun
weg naar de Aarde. Op meer bescheiden energieën rond de 1016 − 1018 eV verwachten we
een overgang te zien tussen bronnen in ons Melkwegstelsel en daarbuiten. Maar waar vindt
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deze overgang precies plaats? Om het antwoord te vinden op al deze vragen zijn metin-
gen van eigenschappen van kosmische straling zoals energie, massa en aankomstrichting
noodzakelijk.
Voor het bestuderen van hoog energetische deeltjes kunnen we gebruikmaken van de
atmosfeer van de Aarde. Wanneer deze deeltjes de atmosfeer binnendringen is er een
aanzienlijke kans dat ze botsen op een molecuul in de lucht. Hierbij ontstaan nieuwe
deeltjes die vervolgens doorvliegen en ook weer kunnen botsen op moleculen. Dit gaat zo
door totdat de energie van het oorspronkelijke (primaire) deeltje over zoveel secundaire
deeltjes verdeeld is dat er bij botsingen geen nieuwe deeltjes meer ontstaan. Wij noemen
de verzameling van alle deeltjes afkomstig van één primair deeltje een deeltjeslawine of in
het Engels een extensive air shower.
Wanneer je bij het spelletje kegelen meerdere rijen kegels willekeurig achter elkaar plaats
zul je met de standaard bal meestal een kegel uit de voorste rij raken. Naarmate de bal
kleiner wordt zal het vaker voorkomen dat de bal tussen de kegels op de eerste en eventueel
volgende rijen doorrolt en pas later botst. Zo werkt het met kosmische straling in de
atmosfeer ook. Een zwaarder en groter deeltje zoals de kern van een ijzeratoom zal typisch
hoger in de atmosfeer voor het eerst op een molecuul botsen dan een lichter en kleiner
deeltje zoals een proton. Dit betekent dat voor een zwaarder deeltje de lawine zich typisch
eerder ontwikkelt dan voor een lichter deeltje. Ook de positie waar het maximum aantal
deeltjes in de lawine wordt bereikt zal dus typisch hoger liggen. Door de positie van dit
maximum te meten voor heel veel verschillende deeltjeslawines kunnen we bepalen wat de
verhouding tussen zware en lichte deeltjes is in een gegeven energie interval.
Het meten van de positie waar het aantal deeltjes in een deeltjeslawine maximaal is kan
op verschillende manieren. Met een fluorescentie telescoop zien we het licht dat ontstaat
als stikstof atomen in de atmosfeer aangeslagen worden door deeltjes uit de lawine. Door
te kijken waar de hoeveelheid licht maximaal is wordt direct het maximum van de deeltjes-
lawine bepaald. Dit werkt helaas alleen in donkere nachten, aangezien zelfs het licht van
de volle maan al voldoende is om de meting van deze korte zwakke lichtflitsen te verstoren.
Een meer indirecte methode is het meten van de deeltjes die de grond bereiken met deeltjes-
detectoren. Dit werkt dag en nacht, dus je hoeft minder lang te meten om hetzelfde aantal
deeltjeslawines te verkrijgen, maar deze methode heeft als nadeel dat je alleen informatie
hebt over de deeltjes die de grond bereiken wat het moeilijker maakt om te reconstrueren
waar het maximum precies zat. Deze methode is dus ook minder nauwkeurig. Een ideale
methode combineert de beste eigenschappen van deze twee meettechnieken; meten onder
alle weersomstandigheden én een hoge nauwkeurigheid. Het waarnemen van radiostraling
afkomstig van deeltjeslawines is potentieel een dergelijke methode. Net als bij fluorescen-
tie ‘zien’ we de hele deeltjeslawine en omdat radiostraling geen last heeft van wolken of
strooilicht kunnen we onder (vrijwel) alle weersomstandigheden waarnemen. Maar voordat
we radiostraling kunnen gebruiken om kosmische straling te bestuderen moeten we deze
eerst kunnen detecteren en begrijpen hoe ze ontstaat en in welke eigenschappen van de
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radiostraling de informatie over de deeltjeslawine zich bevindt.
In de deeltjeslawine bevinden zich veel elektronen en positronen (de antideeltjes van
elektronen met dezelfde massa maar een tegengestelde, dus positieve, lading). Deze deeltjes
worden in tegengestelde richting afgebogen door het magneetveld van de Aarde. Dit gebeurt
voor alle elektronen en positronen in de deeltjeslawine en het netto effect is het uitzenden
van een radioflits. Deze flits duurt kort, typisch enkele tientallen nanoseconden, en is het
sterkst in het megahertz (MHz) frequentiegebied (waar FM radiozenders ook uitzenden).
Om deze signalen op te vangen is dus ‘slechts’ een radio ontvanger nodig.
Voor het werk in dit proefschrift is gebruikgemaakt van de LOFAR radio telescoop. De
afkorting LOFAR staat voor de Low-Frequency Array, waarbij array slaat op het feit dat
deze radiotelescoop bestaat uit een zeer groot aantal (enkele duizenden) antennes verspreid
over een groot gebied (de grootste afstand tussen twee antennes is 1158 km). Voor het
waarnemen van kosmische straling wordt momenteel echter maar een klein stukje van dit
gebied gebruikt. Dit kleinere stukje bevat wel meer dan duizend antennes in een gebied
met een straal van twee kilometer. Die hoge antenne dichtheid maakt LOFAR zeer geschikt
voor het bestuderen van radiostraling afkomstig van deeltjeslawines.
LOFAR heeft twee soorten antennes. De lage frequentieband antennes (LBAs) nemen
waar tussen de 10 en 90 megahertz, en de hoog frequentieband antennes (HBAs) tussen
de 110 en 240 megahertz. De frequenties ertussen worden overgeslagen omdat hier de FM
radio stations uitzenden wat metingen zou verstoren.
In het tweede hoofdstuk van dit proefschrift wordt beschreven hoe met behulp van
de LBAs radiostraling van deeltjeslawines kan worden waargenomen. Ook beschrijft dit
hoofdstuk de eerste twee jaar aan waarnemingen. Deze, en latere waarnemingen, worden
in hoofdstuk vier en vijf gebruikt voor verder onderzoek.
Waarnemingen met de HBAs worden beschreven in hoofdstuk drie. Deze zijn, door een
ingewikkelder ontwerp van de antenne, minder geschikt voor het waarnemen van radiostra-
ling van deeltjeslawines maar desondanks zijn er waarnemingen beschikbaar waarin een
signaal is gedetecteerd. Dit is zeer interessant omdat er in dit frequentiegebied nog geen
eerdere gedetailleerde waarnemingen zijn gedaan. Omdat de snelheid van het licht (en dus
ook radiostraling) in lucht lager is dan de lichtsnelheid in vacuum en de deeltjes in een
deeltjeslawine zich met vrijwel de lichtsnelheid voortbewegen treden vreemde effecten op.
Dit uit zich in een versterkt signaal in een ringvormig gebied rond de symmetrie-as van de
deeltjeslawine. Het effect hiervan was voorspeld extra sterk te zijn in het frequentiegebied
van de HBAs, en dit is met LOFAR ook waargenomen. De diameter van deze ring hangt
samen met de afstand tot het maximum van de deeltjeslawine en dus kunnen we door het
meten van de diameter deze afstand bepalen. Hoewel in principe mogelijk, is de nauw-
keurigheid waarmee dit kan lager dan de nauwkeurigheid die nodig is om de ‘gemiddelde’
massa van de primaire deeltjes te kunnen bepalen. Wel geeft het een snelle eerste schatting
op basis waarvan een verdere analyse kan plaatsvinden.
In hoofdstuk vier bekijken we een andere eigenschap van de radioflitsen, te weten de
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tijd waarop ze arriveren in alle antennes. Dit geeft informatie over de vorm van het golf-
front. Eerder voorgestelde vormen waren vlak, bolvormig, kegelvormig en hyperbolisch.
Deze laatste vorm lijkt op een kegel waarbij de punt bolvormig wordt. LOFAR metingen
bevestigen dat de hyperbolische vorm het beste het golffront beschrijft. Door in verdere
analyses gebruik te maken van deze vorm kan de aankomstrichting van de deeltjeslawine,
die ook gemeten wordt aan de hand van de aankomsttijden, nauwkeuriger bepaald worden.
Naast het eerder beschreven mechanisme waarop radiostraling geproduceerd wordt in
een deeltjeslawine (onder invloed van het magneetveld) is er nog een tweede mechanisme.
Aan het front van de deeltjeslawine (de eerste deeltjes die de grond bereiken) bevindt zich
meer negatieve dan positieve lading. Dit overschot aan negatieve lading veroorzaakt ook
een radioflits. Een belangrijk verschil tussen de twee mechanismen is de polarisatie van de
uitgezonden radiostraling. Door deze polarisatie te meten kunnen we bepalen welk deel
van de totale straling veroorzaakt wordt door welk mechanisme. Dit wordt beschreven in
hoofdstuk vijf. Uit deze metingen blijkt dat de verhouding tussen de bijdragen van beide
mechanismen niet hetzelfde is voor alle deeltjeslawines en verder ook afhangt van de positie
van de radioantenne ten opzichte van de deeltjeslawine.
Door al de bovenstaande effecten is het patroon van de sterkte van het radiosignaal
dat opgevangen wordt door de antennes zeer complex. In een aparte analyse, gebaseerd
op de in dit proefschrift beschreven metingen, is aangetoond dat moderne radio simulatie
codes dit patroon desondanks zeer goed kunnen voorspellen. Verder is aangetoond dat
dit patroon sterk afhankelijk is van de afstand tot het maximum van de deeltjeslawine.
Deze afhankelijkheid is zelfs zo sterk, en de metingen daarvan zo precies dat de positie
van dit maximum met grote nauwkeurigheid gemeten kan worden. Deze nauwkeurigheid
is vergelijkbaar met die van metingen met fluorescentie telescopen.
Zoals eerder werd gezegd kunnen we door middel van radiostraling onder vrijwel alle
weersomstandigheden deeltjeslawines veroorzaakt door kosmische straling waarnemen. De
enige uitzonderingen hierop zijn waarnemingen gedurende onweersstormen. De elektrische
velden in onweerswolken zijn sterk genoeg om een merkbaar verstorende invloed op het ra-
diosignaal te hebben. De waargenomen radioflitsen zijn typisch sterker en ook de polarisatie
van het signaal is anders. Voor ‘standaard’ kosmische straling metingen kunnen deze korte
periodes eenvoudig overgeslagen worden. Maar met de kwaliteit van de huidige simulaties
dient zich een tweede mogelijkheid aan. De analyse in hoofdstuk zes laat zien dat LOFAR
waarnemingen in combinatie met simulaties gebruikt kunnen worden om informatie te ver-
krijgen over de elektrische velden in onweerswolken. Door de extreme weersomstandigheden
in zulke wolken zijn traditionele metingen vanuit ballonnen en vliegtuigen moeilijk. Maar
elektrische veldmetingen zijn essentieel om te begrijpen of deze velden sterk en uitgestrekt
genoeg zijn voor het ontstaan van bliksem. Door de elektrische velden op afstand te kun-
nen meten zijn we in de toekomst wellicht in staat om de vraag: “Hoe ontstaat bliksem
in onweerswolken?” te beantwoorden. Zo vormt het laatste hoofdstuk van dit proefschrift
een brug tussen de astrodeeltjesfysica en de atmosferische fysica.
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